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PATTERNING METHOD USING 
PHOTOMASK 

RELATED APPLICATIONS 

This application is a divisional of application Ser. No. 
11/314,019, filed on Dec. 22, 2005, now U.S. Pat. No. 7,205, 
077, which is a divisional of application Ser. No. 10/688,960, 
filed Oct. 21, 2003, now U.S. Pat. No. 7,001,711, which is a 
divisional of application Ser. No. 09/869,848, filed on Jul. 6, 
2001, now U.S. Pat. No. 6,703,168, which is the U.S. 
National Phase under 35 U.S.C. S371 of International Appli 
cation No. PCT/JP00/07772 filed on Nov. 2, 2000, which in 
turn claims the benefit of Japanese Application No. 
11-316752 filed on Nov. 8, 1999, the disclosures of which 
applications are incorporated by reference herein. 

TECHNICAL FIELD 

The present invention relates to a pattern-exposure photo 
mask for use in manufacturing semiconductor devices or 
liquid crystal display devices, a method for producing the 
same, and a patterning method using the photomask, and also 
relates to a method for producing photomask pattern layout, 
and a method for producing mask-writing data. 

BACKGROUND ART 

In recent years, a large-scale integrated circuit (hereinafter, 
referred to as LSI) implemented with a semiconductor has 
been increasingly reduced in size. As a result, a feature error 
or dimensional error between a mask pattern and a produced 
pattern (e.g., a resist pattern formed by pattern transfer for a 
resist film) have been increasingly regarded as important in a 
lithography process, one of the LSI manufacturing processes. 

Moreover, reduction in pattern dimension in the LSI has 
reached about the resolution limit defined by a wavelength of 
a light source (hereinafter, referred to as wavelength W), a 
numerical aperture of a projection optical system of an 
aligner (hereinafter, referred to as numerical aperture NA), 
and the like. As a result, a manufacturing margin associated 
with the yield in LSI manufacturing, e.g., a depth of focus, has 
also been significantly reduced. 

In a conventional patterning method, a resist pattern having 
a prescribed feature is formed as follows: a light-shielding 
pattern of a prescribed feature, i.e., a mask pattern, is formed 
on a transparent Substrate using a light-shielding film of a 
metal Such as chromium. Then, a wafer having a resist film 
applied thereto is exposed to light using the transparent Sub 
strate having the mask pattern thereon as a mask, so that light 
intensity distribution having a profile similar to the mask 
pattern feature is projected to the resist film. Thereafter, the 
resist film is developed, whereby the resist pattern having the 
prescribed feature is produced. 
A reduction projection aligner is generally used in Such a 

patterning method as described above. For patterning, the 
reduction projection aligner conducts reduction projection 
exposure for a resist film of a photosensitive resin formed on 
a wafer, i.e., a Substrate, by using a transparent Substrate 
including a mask pattern with the dimension of a desired 
pattern magnified several times, i.e., by using a photomask. 

FIG.32(a) shows an example of a pattern whose minimum 
dimension is sufficiently larger than the resolution. FIG. 
32(b) shows the simulation result of light intensity distribu 
tion projected to, e.g., a resist film upon forming the pattern of 
FIG. 32(a) using a conventional photomask. 
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2 
More specifically, when the numerical aperture NA is 0.6 

and the wavelength is 0.193 um, the resolution is about 0.13 
um. However, the minimum dimension of the pattern of FIG. 
32(a) is about 0.39 um (about three times the resolution). The 
conventional photomask has a mask pattern having the 
dimension of the pattern of FIG. 32(a) magnified by the 
magnification M of the aligner (an inverse number of a reduc 
tion ratio). In this case, as shown in FIG. 32(b), the imple 
mented light intensity distribution has a profile similar to the 
feature of the pattern of FIG. 32(a), i.e., the mask pattern. 
Note that FIG. 32(b) shows the light intensity distribution 
using contour lines of the relative light intensity in a two 
dimensional relative coordinate system (i.e., the light inten 
sity calculated with the exposure light intensity being 
regarded as 1). 

FIG.33(a) shows an example of a pattern whose minimum 
dimension corresponds to about the resolution. FIG. 33(b) 
shows the simulation result of light intensity distribution pro 
jected to, e.g., a resist film upon forming the pattern of FIG. 
33(a) using a conventional photomask. 
More specifically, when the numerical aperture NA is 0.6 

and the wavelength is 0.193 um, the resolution is about 0.13 
um. The minimum dimension of the pattern of FIG.33(a) is 
also about 0.13 Lum. The conventional photomask has a mask 
pattern having the dimension of the pattern of FIG. 33(a) 
magnified by the magnification M. In this case, as shown in 
FIG. 33(b), the implemented light intensity distribution is 
significantly distorted from the profile similar to the feature of 
the pattern of FIG.32(a), i.e., the mask pattern. Note that FIG. 
33(b) also shows the light intensity distribution using contour 
lines of the relative light intensity in a two-dimensional rela 
tive coordinate system. 
More specifically, as the minimum dimension of the pat 

tern is reduced to about the resolution, the line width of the 
mask pattern on the photomask is also reduced. Therefore, the 
exposure light is likely to be diffracted when passing through 
the photomask. More specifically, as the line width of the 
mask pattern is reduced, the exposure light is likely to reach 
the backside of the mask pattern. As a result, the mask pattern 
cannot sufficiently shield the exposure light, making it 
extremely difficult to form a fine pattern. 

In order to form a pattern having a dimension equal to or 
smaller than about the resolution, H. Y. Liu et al. proposes a 
patterning method (first conventional example) (Proc. SPIE, 
Vol. 3334, P. 2 (1998)). In this method, a light-shielding 
pattern of a light-shielding film is formed on a transparent 
Substrate as a mask pattern, as well as a phase shifter for 
inverting the light transmitted therethrough by 180 degrees in 
phase is provided in a light-transmitting region (a portion 
having no light-shielding pattern) of the transparent Substrate. 
This method utilizes the fact that a pattern having a dimension 
equal to or smaller than about the resolution can beformed by 
the light-shielding film located between the light-transmit 
ting region and the phase shifter. 

Hereinafter, the patterning method according to the first 
conventional example will be described with reference to 
FIGS. 34(a) to (d). 

FIG. 34(a) is a plan view of a first photomask used in the 
first conventional example, and FIG. 34(b) is a cross-sec 
tional view taken along line I-I of FIG. 34(a). As shown in 
FIGS. 34(a) and (b), a light-shielding film 11 is formed on a 
first transparent substrate 10 of the first photomask, and first 
and second openings 12 and 13 are formed in the light 
shielding film 11 Such that a light-shielding film region 11a 
having a width smaller than (resolutionXmagnification M) is 
interposed therebetween. The first transparent substrate 10 is 
recessed under the second opening 13 So as to provide a phase 



US 7,468,240 B2 
3 

difference of 180 degrees between the light transmitted 
through the first transparent substrate 10 through the first 
opening 12 and the light transmitted through the first trans 
parent substrate 10 through the second opening 13. Thus, the 
portion of the first transparent substrate 10 corresponding to 
the first opening 12 serves as a normal light-transmitting 
region, whereas the portion of the first transparent Substrate 
10 corresponding to the second opening 13 serves as a phase 
shifter. Therefore, a pattern having a desired line width equal 
to or smaller than about the resolution can be formed by the 
light-shielding film region 11a located between the first and 
second openings 12 and 13. 

FIG.34(c) is a plan view of a second photomask used in the 
first conventional example. As shown in FIG. 34(c), a light 
shielding pattern 21 of a light-shielding film is formed on a 
second transparent Substrate 20 of the second photomask. 

In the first conventional example, a desired pattern is 
formed by combination of a line pattern formed by the light 
shielding film region 11a of the first photomask of FIG.34(a) 
and a pattern formed by the light-shielding pattern 21 of the 
second photomask of FIG. 34(c). 
More specifically, in the first conventional example, a Sub 

strate having a positive resist film applied thereto is exposed 
to light using the first photomask of FIG. 34(a). Then, the 
Substrate is adjusted in position so that a desired pattern is 
formed by a latent image resulting from exposure using the 
first photomask and a latent image resulting from exposure 
using the second photomask of FIG. 34(c). After exposure is 
Subsequently conducted using the second photomask, the 
resist film is developed, whereby a resist pattern is formed. 
Thus, excessive patterns (patterns other than the desired pat 
tern) resulting from development after exposure with the first 
photomask only can be removed by exposure with the second 
photomask. This enables formation of a pattern having a line 
width equal to or Smaller than about the resolution, i.e., a 
pattern that cannot be formed by exposure with the second 
photomask only. 

FIG.34(d) shows a resist pattern formed by the patterning 
method of the first conventional example, i.e., the patterning 
method using the first and second photomasks of FIGS.34(a) 
and 34(c). 
As shown in FIG. 34(d), the exposed substrate 30 has a 

resist pattern 31 formed thereon, and the resist pattern 31 has 
a line pattern 31 a having a line width equal to or Smaller than 
about the resolution. 

In addition to the method of H.Y. Liu et al., Watanabe etal. 
proposes another patterning method (second conventional 
example) (Proc. of the 51st Annual Meeting of JSAP. P490). 
In this method, a pattern having a line width smaller than the 
wavelength w is formed without providing a light-shielding 
film between a light-transmitting region and a phase shifter. 
This method utilizes the effect that a pattern is formed by the 
boundary between a normal transparent Substrate portion, 
i.e., a light-transmitting region, and a phase shifter. 

Hereinafter, the patterning method according to the second 
conventional example will be described with reference to 
FIG. 35. 

FIG. 35 is a plan view of a photomask used in the second 
conventional example. As shown in FIG. 35, a plurality of 
phase shifters 41 are periodically arranged on a transparent 
substrate 40 of the photomask. 

In the second conventional example, the use of the phase 
shifters 41 enables formation of a pattern in which a plurality 
of line patterns each having a line width smaller than the 
wavelength w are arranged periodically. 

However, in order to form a pattern having a line width 
equal to or Smaller than about the resolution, the first conven 
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4 
tional example must use a phase shift mask (first photomask) 
in which a light-shielding film region having a width of (reso 
lutionXmagnification M) or less is located between a phase 
shifter and a light-transmitting region both having a width of 
(resolutionXmagnification M) or more. In other words, the 
pattern formed with the first photomask has a line width equal 
to or smaller than about the resolution only when specific 
conditions are satisfied. Therefore, an arbitrary pattern fea 
ture cannot be implemented with the first photomask only. 

Accordingly, in order to form a pattern having a compli 
cated feature like in the pattern layout of a normal LSI, 
exposure with a mask (second photomask) different from the 
phase shift mask is essential in the first conventional example. 
This results in increase in mask costs, or reductioninthrough 
put as well as increase in manufacturing costs due to an 
increased number of lithography steps. 

Moreover, a normal mask, i.e., a non-phase-shift mask, is 
used as the second photomask. Therefore, even if the expo 
Sures using the first and second photomasks are combined, the 
pattern formed by the second photomask has a dimension 
equal to or larger than about the resolution, whereby the 
patterns capable of being formed with a dimension equal to or 
smaller than about the resolution are limited. In other words, 
the first conventional example is used only when the phase 
shifter and the light-transmitting region can be located adja 
cent to each other under the aforementioned conditions, e.g., 
when only a gate pattern on an active region is formed. 

In contrast, the second conventional example, i.e., the 
method in which a pattern is formed without providing a 
light-shielding film between a light-transmitting region and a 
phase shifter, can be used only when the patterns each having 
a line width smaller than the wavelength w are repeated. 
Therefore, a pattern having an arbitrary feature oran arbitrary 
dimension cannot be formed by this method alone. 

Moreover, in the second conventional example, a portion 
where the phase changes abruptly must be provided at the 
boundary between the light-transmitting region of the trans 
parent substrate and the phase shifter. However, by the con 
ventional mask formation method in which a phase shifter is 
formed by wet etching the transparent Substrate, the transpar 
ent substrate cannot be etched vertically at the boundary of 
the phase shifter. Moreover, when the transparent substrate is 
etched, a lateral region of the phase shifter in the transparent 
Substrate is also subjected to etching, making it difficult to 
control the dimension of the phase shifter. As a result, it is 
extremely difficult to produce a mask capable of forming a 
fine pattern with high precision. 

In the second conventional example, the dimension of the 
pattern formed by utilizing the phase shift effect is limited to 
about half the wavelength v. However, when a pattern having 
a larger dimension is formed with a mask pattern of a light 
shielding film, the minimum possible dimension of the pat 
tern corresponds to about the resolution. Accordingly, in the 
case where patterning is conducted using a single mask that 
simultaneously implements the phase shift effect and the 
light-shielding effect of the light-shielding film, a possible 
dimensional range of the pattern is discontinuous. This sig 
nificantly reduces a process margin for formingapattern of an 
arbitrary dimension with a single mask, and in Some cases, 
makes it impossible to form a pattern with a single mask. 

DISCLOSURE OF THE INVENTION 

In view of the foregoing description, it is an object of the 
present invention to enable any pattern feature with any 
dimension including a dimension equal to or Smaller than 
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about the resolution to be formed by exposure using a single 
mask implementing a phase shift effect. 

In order to achieve this object, the photomask according to 
the invention is a photomask including an isolated light 
shielding pattern formed on a transparent Substrate that is 
transparent to a light Source. The light-shielding pattern is 
formed from a light-shielding film region formed from a 
light-shielding film, and a phase shift region having a phase 
difference with respect to a light-transmitting region of the 
transparent Substrate which has no light-shielding pattern. A 
width of the phase shift region is set such that a light-shielding 
property of the phase shift region becomes at least about the 
same as that of the light-shielding film having the same width. 

According to the photomask of the invention, the light 
shielding pattern is formed from the light-shielding film 
region, and the phase shift region having a phase difference 
with respect to the light-transmitting region, and the width of 
the phase shift region is set such that the light-shielding 
property of the phase shift region becomes at least about the 
same as that of the light-shielding film having the same width. 
Therefore, the transmitted light reaching the backside of the 
light-shielding film region of the light-shielding pattern due 
to the diffraction phenomenon can be cancelled by the light 
transmitted through the phase shift region. Accordingly, even 
when a pattern having a dimension equal to or Smaller than 
about the resolution is formed, light intensity distribution 
having a profile similar to the feature of the light-shielding 
pattern can be obtained. As a result, any pattern feature with 
any dimension including a dimension equal to or Smaller than 
about the resolution can beformed by exposure using only the 
photomask of the invention implementing the phase shift 
effect. 

In the photomask of the invention, a contour of the light 
shielding film region is preferably the same as a feature of the 
light-shielding pattern, and the phase shift region is prefer 
ably provided inside the light-shielding film region. 

Thus, the transmitted light reaching the backside of the 
periphery of the light-shielding pattern due to the diffraction 
phenomenon can be reliably cancelled by the light transmit 
ted through the phase shift region. 

In the photomask of the invention, the phase shift region is 
preferably provided at least at or inside a corner of the light 
shielding pattern, or at or inside an end of the light-shielding 
pattern. 

Thus, the transmitted light reaching the backside of the 
corner or end of the light-shielding pattern due to the diffrac 
tion phenomenon can be reliably cancelled by the light trans 
mitted through the phase shift region. 

Note that, in the specification, the term “corner” means a 
portion having an angle larger than Zero degree and Smaller 
than 180 degrees when measured on the pattern. 

In the photomask of the invention, provided that the phase 
shift region has a width Wm, it is preferable that Wms (0.4x 
WNA)xM (where w is a wavelength of the light source, NA is 
a numerical aperture of a reduction projection optical system 
of an aligner, and M is a magnification of the reduction 
projection optical system). 

This ensures that that the light-shielding property of the 
phase shift region becomes at least about the same as that of 
the light-shielding film having the same width. 

In the photomask of the invention, provided that the light 
shielding pattern in which the phase shift region is provided 
has a width Lim, it is preferable that Lms (0.8x) /NA)xM. 

This enables a light-shielding effect of the light-shielding 
pattern to be improved by providing the phase shift region in 
the light-shielding pattern. 
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6 
Provided that Lms (0.8x) /NA)xM and the phase shift 

region has a width Wm, it is preferable that Wms((0.8x) / 
NA)xM)-Lim and WmsLm. 

This ensures improvement in the light-shielding effect of 
the light-shielding pattern. 

Provided that Lms (0.8x) /NA)xM and the phase shift 
region has a width Wm, it is preferable that 0.5x((((0.8x) / 
NA)xM)-Lm)/2)s Wms 1.5x((((0.8x)/NA)xM)-Lm)/2) 
and WmsLm. 

This enables significant improvement in the light-shielding 
effect of the light-shielding pattern. 

In the photomask of the invention, the phase difference of 
the phase shift region with respect to the light-transmitting 
region is preferably (170+360xn) to (190+360xn) degrees 
(where n is an integer) with respect to a wavelength of the 
light Source. 

This ensures improvement in the light-shielding effect of 
the light-shielding pattern. 

In the photomask of the invention, the phase difference of 
the phase shift region with respect to the light-transmitting 
region is preferably provided by etching at least one of a 
portion corresponding to the light-transmitting region and a 
portion corresponding to the phase-shift region in the trans 
parent Substrate. 

Thus, the phase difference can be reliably provided 
between the phase shift region and the light-transmitting 
region. 

In the photomask of the invention, the phase difference of 
the phase shift region with respect to the light-transmitting 
region is preferably provided by forming a phase shifter layer 
either on a portion other than the light-transmitting region or 
a portion other than the phase-shift region in the transparent 
substrate. 

Thus, the phase difference can be reliably provided 
between the phase shift region and the light-transmitting 
region. The phase shifter layer may either beformed under or 
above the light-shielding film region. 
A patterning method according to the invention is a pat 

terning method using the photomask of the invention, and 
includes the steps of forming a resist film on a Substrate; 
conducting pattern exposure to the resist film using the pho 
tomask; and developing the resist film Subjected to the pattern 
exposure so as to form a resist pattern. 

According to the patterning method of the invention, the 
photomask of the invention is used. Therefore, even when a 
pattern having a dimension equal to or Smaller than about the 
resolution is formed, the resultant light-shielding effect of the 
light-shielding pattern is about the same as that obtained 
when a pattern having a dimension equal to or larger than 
about the resolution is formed. As a result, any pattern feature 
with any dimension including a dimension equal to or Smaller 
than about the resolution can be formed by exposure using 
only the photomask of the invention. 

In the patterning method of the invention, the step of con 
ducting pattern exposure preferably uses an oblique inci 
dence illumination method. 

This enables improvement in a process margin Such as a 
depth of focus for a fine pattern. 

In the patterning method of the invention, the resist film is 
preferably formed from a positive resist. 

Thus, a fine resist pattern can be reliably formed by pattern 
exposure using the photomask of the invention. A negative 
resist may be used in order to form a fine resist-removed 
region like a hole pattern. 
A method for producing a photomask according to the 

invention is a method for producing a photomask including an 
isolated light-shielding pattern formed on a transparent Sub 
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strate that is transparent to a light Source, the isolated light 
shielding pattern being formed from a light-shielding film 
region and a phase shift region. The method includes the steps 
of forming a light-shielding film on the transparent Substrate; 
patterning the light-shielding film So as to form a contour of 
the light-shielding film region; and removing a portion of the 
light-shielding film located in the phase shift region so as to 
form an opening. The phase shift region has a phase differ 
ence with respect to a light-transmitting region of the trans 
parent Substrate, and a width of the phase shift region is set 
Such that a light-shielding property of the phase shift region 
becomes at least about the same as that of the light-shielding 
film having the same width. 

According to the photomask producing method of the 
invention, the patterning step for forming the contour of the 
light-shielding film region is conducted independently of the 
patterning step for forming the opening serving as the phase 
shift region. This enables accurate dimensional control of the 
contour of the light-shielding film region, i.e., the light 
shielding pattern, and the phase shift region. Thus, the pho 
tomask of the invention can be reliably produced. 

In the photomask producing method of the invention, the 
step of forming the opening preferably includes the step of 
etching, after forming the opening, a portion of the transpar 
ent Substrate located under the opening Such that a phase 
difference of (170+360xn) to (190+360xn) degrees (where n 
is an integer) with respect to a wavelength of the light Source 
is provided between the portion and the light-transmitting 
region. 

Thus, the phase shift region can be formed so as to reliably 
improve the light-shielding effect of the light-shielding pat 
tern. In this case, the step of forming the opening is preferably 
conducted prior to the step of forming the contour of the 
light-shielding film region. This enables the transparent Sub 
strate to be etched using the light-shielding film with the 
opening as a mask. This eliminates the need to conduct for 
mation of the opening and etching of the Substrate Succes 
sively by using a resist pattern as in the case where the 
opening is formed after formation of the contour of the light 
shielding film region. Accordingly, production of the photo 
mask of the invention is facilitated. 

In the photomask producing method of the invention, the 
step of forming the contour of the light-shielding film region 
preferably includes the step of etching, after forming the 
contour of the light-shielding film region, a portion of the 
transparent Substrate located outside the light-shielding film 
region such that a phase difference of (170+360xn) to (190+ 
360xn) degrees (where n is an integer) with respect to a 
wavelength of the light source is provided between the por 
tion and the phase shift region. 

Thus, the phase shift region can be formed so as to reliably 
improve the light-shielding effect of the light-shielding pat 
tern. Moreover, production of the photomask of the invention 
is facilitated as compared to the case where the phase differ 
ence is provided between the light-transmitting region and the 
phase shift region by etching the transparent Substrate located 
under the opening having a small area. 

In the photomask producing method of the invention, the 
step of forming the light-shielding film preferably includes 
the step of forming under the light-shielding film a phase 
shifter layer that provides phase inversion of (170+360xn) to 
(190+360xn) degrees (where n is an integer) with respect to a 
wavelength of the light source, and the step of forming the 
opening preferably includes the step of removing, after form 
ing the opening, a portion of the phase shifter layer located 
under the opening. 
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8 
Thus, the phase shift region can beformed so as to reliably 

improve the light-shielding effect of the light-shielding pat 
tern. Moreover, management of the etching step is facilitated 
as compared to the case where the phase difference is pro 
vided between the light-transmitting region and the phase 
shift region by etching the transparent Substrate. Thus, the 
phase error is reduced as well as the phase shifter layer with 
a vertical edge can be easily formed. In this case, the step of 
forming the opening is preferably conducted prior to the step 
of forming the contour of the light-shielding film region. This 
enables the phase shifter layer to be etched using the light 
shielding film with the opening as a mask. This eliminates the 
need to conduct formation of the opening and etching of the 
shifter layer Successively by using a resist pattern as in the 
case where the opening is formed after formation of the 
contour of the light-shielding film. Accordingly, production 
of the photomask of the invention is facilitated. 

In the photomask producing method of the invention, the 
step of forming the light-shielding film preferably includes 
the step of forming under the light-shielding film a phase 
shifter layer that provides phase inversion of (170+360xn) to 
(190+360xn) degrees (where n is an integer) with respect to a 
wavelength of the light source, and the step of forming the 
contour of the light-shielding film region preferably includes 
the step of removing, after forming the contour of the light 
shielding film region, a portion of the phase shifter layer 
located outside the light-shielding film region. 

Thus, the phase shift region can beformed so as to reliably 
improve the light-shielding effect of the light-shielding pat 
tern. Moreover, management of the etching step is facilitated 
as compared to the case where the phase difference is pro 
vided between the light-transmitting region and the phase 
shift region by etching the transparent Substrate. Thus, the 
phase error is reduced as well as the phase shifter layer with 
a vertical edge can be easily formed. Moreover, production of 
the photomask of the invention is facilitated as compared to 
the case where the phase difference is provided between the 
light-transmitting region and the phase shift region by remov 
ing the phase shifter layer located under the opening having a 
Small area. In this case, the step of forming the contour of the 
light-shielding film region is preferably conducted prior to 
the step of forming the opening. This enables the phase shifter 
layer to be etched using as a mask the light-shielding film 
having the contour of the light-shielding film but having no 
opening. This eliminates the need to conduct formation of the 
contour of the light-shielding film region and etching of the 
shifter layer Successively by using a resist pattern as in the 
case where the contour of the light-shielding film region is 
formed after formation of the opening. Accordingly, produc 
tion of the photomask of the invention is facilitated. 

In the photomask producing method of the invention, the 
step of forming the opening is preferably conducted prior to 
the step of forming the contour of the light-shielding film 
region, the method preferably further includes, between the 
step of forming the opening and the step of forming the 
contour of the light-shielding film region, the step of forming 
on the transparent Substrate a phase shifter layer that provides 
phase inversion of (170+360xn) to (190+360xn) degrees 
(where n is an integer) with respect to a wavelength of the 
light source, and the step of forming the contour of the light 
shielding film region preferably includes the step of remov 
ing, before forming the contour of the light-shielding film 
region, a portion of the phase shifter layer located outside the 
light-shielding film region. 

Thus, the phase shift region can beformed so as to reliably 
improve the light-shielding effect of the light-shielding pat 
tern. Moreover, management of the etching step is facilitated 
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as compared to the case where the phase difference is pro 
vided between the light-transmitting region and the phase 
shift region by etching the transparent Substrate. Thus, the 
phase error is reduced as well as the phase shifter layer with 
a vertical edge can be easily formed. Moreover, if defects are 5 
produced in the step of patterning the phase shifter layer, it is 
possible to repair the defects by forming the phase shifter 
layer again. Therefore, the steps earlier than the step of form 
ing the phase shifter layer need not be repeated, improving the 
throughput. 

In the photomask producing method of the invention, the 
step of forming the contour of the light-shielding film region 
is preferably conducted prior to the step of forming the open 
ing, the method preferably further includes, between the step 
of forming the contour of the light-shielding film region and 
the step of forming the opening, the step of forming on the 
transparent Substrate a phase shifter layer that provides phase 
inversion of (170+360xn) to (190+360xn) degrees (where n is 
an integer) with respect to a wavelength of the light source, 
and the step of forming the opening preferably includes the 
step of removing, before forming the opening, a portion of the 
phase shifter layer located in the phase shift region. 

Thus, the phase shift region can be formed so as to reliably 
improve the light-shielding effect of the light-shielding pat 
tern. Moreover, management of the etching step is facilitated 
as compared to the case where the phase difference is pro 
vided between the light-transmitting region and the phase 
shift region by etching the transparent Substrate. Thus, the 
phase error is reduced as well as the phase shifter layer with 
a vertical edge can be easily formed. Moreover, if defects are 
produced in the step of patterning the phase shifter layer, it is 
possible to repair the defects by forming the phase shifter 
layer again. Therefore, the steps earlier than the step of form 
ing the phase shifter layer need not be repeated, improving the 
throughput. 

In the photomask producing method of the invention, pro 
vided that the phase shift region has a width Wm, it is pref 
erable that Wms(0.4xWNA)xM (where is a wavelength of 
the light Source, NA is a numerical aperture of a reduction 
projection optical system of an aligner, and M is a magnifi 
cation of the reduction projection optical system). 

This ensures that that the light-shielding property of the 
phase shift region becomes at least about the same as that of 
the light-shielding film having the same width. 

In the photomask producing method of the invention, pro- 45 
vided that the light-shielding pattern in which the phase shift 
region is provided has a width Lim, it is preferable that Lms 
(0.8xWNA)xM. 

This enables a light-shielding effect of the light-shielding 
pattern to be improved by providing the phase shift region in 50 
the light-shielding pattern. 

Provided that Lms (0.8xw/NA)xM and the phase shift 
region has a width Wm, it is preferable that Wms((0.8x) / 
NA)xM)-Lim and WmsLm. 

This ensures improvement in the light-shielding effect of 55 
the light-shielding pattern. 

Provided that Lms (0.8xw/NA)xM and the phase shift 
region has a width Wm, it is preferable that 0.5x((((0.8x) / 
NA)xM)-Lm)/2)sWs 1.5x((((0.8x)/NA)xM)-Lm)/2) and 
WmsLm. 

This enables significant improvement in the light-shielding 
effect of the light-shielding pattern. 
A method for producing pattern layout according to the 

invention is a method for producing pattern layout of a pho 
tomask including an isolated light-shielding pattern formed 65 
on a transparent Substrate that is transparent to a light source, 
the isolated light-shielding pattern being formed from a light 
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10 
shielding film region and a phase shift region. The method 
includes the steps of extracting from the patter layout corre 
sponding to the light-shielding pattern a line pattern having a 
width LXM equal to or smaller than (0.8x) /NA)xM (where 
is a wavelength of the light source, NA is a numerical aperture 
of a reduction projection optical system of an aligner, and M 
is a magnification of the reduction projection optical system); 
and providing inside the extracted line pattern a phase shift 
region having a width WXM equal to or smaller than ((0.8x 
WNA)-L)xM (where WisL). 

According to the pattern-layout producing method of the 
invention, a line pattern having a width LXM equal to or 
smaller than (0.8x) /NA)xM is extracted from the pattern 
layout corresponding to the light-shielding pattern, and thena 
phase shift region having a width WXM equal to or smaller 
than ((0.8xWNA)-L)xM (where WisL) is provided inside 
the extracted line pattern. Therefore, the phase shift region, 
i.e., mask enhancer, capable of enhancing the light-shielding 
effect can be provided in the portion of the light-shielding 
pattern having a degraded light-shielding effect, whereby the 
light intensity distribution can be projected onto the wafer 
with a less distorted profile with respect to the pattern layout. 
This enables production of the pattern layout of the photo 
mask capable of forming any pattern feature with any dimen 
sion including a dimension equal to or Smaller than about the 
resolution. 

In the pattern layout producing method of the invention, it 
is preferable that 0.5x(((0.8x)/NA)-L)/2)sWs 1.5x(((0.8x 
WNA)-L)/2) and WsL. 

This enables significant improvement in the light-shielding 
effect of the light-shielding pattern. 

In the pattern layout producing method of the invention, the 
step of extracting the line pattern preferably includes the step 
of extracting a pattern corner or a pattern end from the pattern 
layout, and the step of providing the phase shift region pref 
erably includes the step of providing at or inside the extracted 
pattern corner, or at or inside the extracted pattern end, the 
phase shift region with four sides of (0.5xWNA)xM or less. 

Thus, the transmitted light reaching the backside of the 
corner or end of the light-shielding pattern due to the diffrac 
tion phenomenon can be reliably cancelled by the light trans 
mitted through the phase shift region. 
A method for producing mask-writing data according to 

the invention is a method for producing mask-writing data of 
a photomask including an isolated light-shielding pattern 
formed on a transparent Substrate that is transparent to a light 
Source, the isolated light-shielding pattern being formed from 
a light-shielding film region and a phase shift region having a 
phase difference with respect to a light-transmitting region of 
the transparent substrate. The method includes the step of: 
extracting from pattern layout corresponding to the light 
shielding pattern a line pattern having a width LXM equal to 
or smaller than (0.8x) /NA)xM (where w is a wavelength of 
the light Source, NA is a numerical aperture of a reduction 
projection optical system of an aligner, and M is a magnifi 
cation of the reduction projection optical system), and pro 
viding inside the extracted line pattern the phase shift region 
having a width WXM equal to or smaller than ((0.8x)/NA)- 
L)xM (where WisL) so as to maximize a light-shielding 
effect of the light-shielding pattern, and thereafter, adjusting 
a dimension of the phase shift region based on a result of test 
exposure or exposure simulation. 

According to the mask-writing data producing method of 
the invention, the dimension of the phase shift region is 
adjusted based on the result of test exposure or exposure 
simulation after the phase shift region is provided so as to 
maximize the light-shielding effect of the light-shielding pat 
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tern. Therefore, the dimension of the phase shift region can be 
adjusted so that the dimension of the pattern resulting from 
exposure with the photomask becomes equal to the design 
value. Accordingly, mask-writing data capable of preventing 
withdrawal of the pattern and the like can be produced, 
whereby a fine pattern can be accurately formed by exposure 
with the photomask formed according to the mask-Writing 
data. 

In the mask-writing data producing method of the inven 
tion, the step of adjusting the dimension of the phase shift 
region preferably includes the step of reducing a width of the 
phase shift region corresponding to a portion having a pattern 
width larger than a design value as a result of exposure with 
the photomask, and increasing a width of the phase shift 
region corresponding to a portion having a pattern width 
Smaller than the design value as a result of exposure with the 
photomask. 

This ensures that the pattern resulting from exposure with 
the photomask has a dimension equal to the design value. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagram showing the basic structure of a pho 
tomask according to a first embodiment of the invention; 

FIG. 2 is a plan view of a desired design pattern to be 
formed on a substrate to be exposed; 

FIG.3(a) is a plan view of a photomask of a first compara 
tive example for forming the pattern of FIG. 2, FIG.3(b) is a 
diagram showing the simulation result of light intensity dis 
tribution projected to a resist film when the resist film is 
Subjected to exposure using the photomask of the first com 
parative example, and FIG. 3(c) is a diagram showing the 
comparison result between a desired pattern feature and a 
profile of a contour line of the light intensity that represents 
the resist pattern feature in the simulation result of FIG.3(b): 

FIG. 4(a) is a plan view of the photomask of the first 
embodiment of the invention for forming the pattern of FIG. 
2, FIG. 4(b) is a diagram showing the simulation result of 
light intensity distribution projected to a resist film when the 
resist film is Subjected to exposure using the photomask of the 
first embodiment, and FIG. 4(c) is a diagram showing the 
comparison result between a desired pattern feature and a 
profile of a contour line of the light intensity that represents 
the resist pattern feature in the simulation result of FIG. 4(b): 

FIG. 5(a) is a plan view of a photomask of a second com 
parative example, FIG. 5(b) is a plan view of a photomask of 
a third comparative example, FIGS. 5(c) to (e) are diagrams 
showing the simulation result of light intensity distribution of 
the light transmitted between two points A and B of the 
photomasks of the second and third comparative examples, 
wherein the width L was 0.06 um, 0.10 um and 0.16 um, 
respectively, and FIG. 5(f) is a diagram showing the simula 
tion result of a change in light intensity of the light transmitted 
through the center of respective isolated line patterns of the 
photomasks of the second and third comparative examples, 
wherein the width L is varied continuously; 

FIG. 6 is a plot of the simulation result at various wave 
lengths w and numerical apertures NA, wherein the maximum 
width L causing a phase shifter to have a greater light-shield 
ing effect than that of a light-shielding film is plotted with 
respect to WNA; 

FIG. 7 is a plot of the simulation result at various wave 
lengths w and numerical apertures NA, wherein the width L 
maximizing the light-shielding effect of the phase shifter is 
plotted with respect to WNA; 

FIG. 8(a) is a plan view of a photomask of the first embodi 
ment of the invention, FIGS. 8(b) to (d) are diagrams showing 
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the simulation result of light intensity distribution of the light 
transmitted between two points A and B of the mask of FIG. 
8(a), using the width L of 0.10 um, 0.14 um and 0.18 um, 
respectively, and various widths W. and FIG. 8(e) is a diagram 
showing the simulation result of a change in light intensity of 
the light transmitted through the center of a light-shielding 
pattern on the mask of FIG. 8(a), using various widths L and 
various widths W: 

FIG. 9 is a plot of the simulation result, wherein the maxi 
mum width W causing a mask enhancer to have a greater 
light-shielding effect than that of a light-shielding film is 
plotted with respect to the width L; 

FIG. 10 is a plot of the simulation result, wherein the width 
W maximizing the light-shielding effect of the mask 
enhancer is plotted with respect to the width L.; 

FIG.11(a) is a plan view of a mask having a mask enhancer 
displaced from the center of a light-shielding pattern, and 
FIG.11(b) is a diagram showing the simulation result of light 
intensity distribution of the light transmitted between two 
points A and B of the mask of FIG.11(a), wherein the offset 
width of the mask enhancer was varied; 

FIGS. 12(a) to (c) are diagrams respectively showing the 
simulation result of light intensity distribution obtained by a 
photomask of a fourth comparative example, a photomask of 
a fifth comparative example and a photomask of the first 
embodiment of the invention including an optimized mask 
enhancer, wherein the width of a light-shielding pattern was 
varied, and FIGS. 12(d) to (f) are diagrams respectively show 
ing the simulation result of light intensity distribution 
obtained by combining each of the photomasks of the fourth 
and fifth comparative examples and the photomask of the first 
embodiment of the invention including the optimized mask 
enhancer with annular exposure, wherein the width of the 
light-shielding pattern was varied; 

FIG. 13 is a diagram showing a light-source feature of the 
annular exposure; 

FIG. 14(a) is a graphic representation of W=L and W=C.x 
(A-L)/2 (where A=0.8.x /NA, and C=0.5, 1.0, 1.5 and 2.0), 
and FIG. 14(b) is a graphic representation of W=L-2E and 
W=Cux(A-L)/2 (where A=0.8x)/NA, and C=0.5, 1.0, 1.5 and 
2.0); 

FIG. 15 is a diagram showing the simulation result of a 
change in the light-shielding effect obtained while varying 
the transmittance and phase of a phase shift region serving as 
a mask enhancer in the photomask of the first embodiment of 
the invention; 

FIGS. 16(a) to (e) are cross-sectional views illustrating the 
steps of a patterning method of a second embodiment of the 
invention, respectively; 

FIGS. 17(a) to (c) are diagrams showing light-source fea 
tures of normal exposure, annular exposure and quadrupole 
exposure, respectively; 

FIG. 18(a) is a diagram showing the simulation result of the 
DOF value upon normal exposure with the photomask of the 
first embodiment of the invention, FIG. 18(b) is a diagram 
showing the simulation result of the DOF value upon annular 
exposure with the photomask of the first embodiment of the 
invention, and FIG. 18(c) is a diagram showing the simulation 
result of the DOF value upon quadrupole exposure with the 
photomask of the first embodiment of the invention; 

FIGS. 190a) to (g) are cross-sectional views illustrating the 
steps of a photomask producing method of a third embodi 
ment of the invention, respectively, and FIGS. 190h) to (l) are 
plan views corresponding to FIGS. 190b), (c), (e), (f) and (g), 
respectively; 

FIG. 200a) is a diagram showing the state where a defect 
causing no phase inversion is present within the mask 
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enhancer of the photomask of the first embodiment of the 
invention, and FIGS. 200b) to (d) are diagrams showing the 
simulation result of light intensity distribution of the light 
transmitted between two points A and B of the mask of FIG. 
200a), wherein the width L was 0.10 m, 0.14 um and 0.18 
um, respectively; 

FIG. 21(a) is a diagram showing the State where an etching 
residue of the light-shielding film is left within the mask 
enhancer of the photomask of the first embodiment of the 
invention, and FIGS. 21(b) to (d) are diagrams showing the 
simulation result of light intensity distribution of the light 
transmitted between two points A and B of the mask of FIG. 
21(a), wherein the width L was 0.10 m, 0.14 um and 0.18 
um, respectively; 

FIGS. 22(a) to (g) are cross-sectional views illustrating the 
steps of a photomask producing method of a first modification 
of the third embodiment of the invention, respectively, and 
FIGS. 22(h) to (k) are plan views corresponding to FIGS. 
22(b), (c), (f) and (g), respectively; 

FIGS. 23(a) to (h) are cross-sectional views illustrating the 
steps of a photomask producing method of a second modifi 
cation of the third embodiment of the invention, respectively, 
and FIGS. 23(i) to (m) are plan views corresponding to FIGS. 
23(b), (c), (f), (g) and (h), respectively; 

FIGS. 24(a) to (g) are cross-sectional views illustrating the 
steps of a photomask producing method of a fourth embodi 
ment of the invention, respectively, and FIGS. 24(h) to (l) are 
plan views corresponding to FIGS. 24(b), (c), (e), (f) and (g), 
respectively; 

FIGS. 25(a) to (h) are cross-sectional views illustrating the 
steps of a photomask producing method of a first modification 
of the fourth embodiment of the invention, respectively, and 
FIGS. 25(i) to (n) are plan views corresponding to FIGS. 
25(b), (c), (d), (f), (g) and (h), respectively; 

FIGS. 26(a) to (g) are cross-sectional views illustrating the 
steps of a photomask producing method of a second modifi 
cation of the fourth embodiment of the invention, respec 
tively, and FIGS. 26(h) to (k) are plan views corresponding to 
FIGS. 26(b), (c), (e) and (g), respectively; 

FIGS. 27(a) to (g) are cross-sectional views illustrating the 
steps of a photomask producing method of a third modifica 
tion of the fourth embodiment of the invention, respectively, 
and FIGS. 27(h) to (l) are plan views corresponding to FIGS. 
27(b), (c), (d), (f) and (g), respectively; 

FIGS. 28(a) to (g) are cross-sectional views illustrating the 
steps of a photomask producing method of a fifth embodi 
ment of the invention, respectively, and FIGS. 28(h) to (l) are 
plan views corresponding to FIGS. 28(b), (c), (e), (f) and (g), 
respectively; 

FIGS. 29(a) to (g) are cross-sectional views illustrating the 
steps of a photomask producing method of a modification of 
the fifth embodiment of the invention, respectively; and 
FIGS. 29(h) to (l) are plan views corresponding to FIGS. 
29(b), (c), (e), (f) and (g), respectively; 

FIG. 30 is a flowchart illustrating a pattern-layout produc 
ing method and a mask-writing data producing method of a 
sixth embodiment of the invention; 

FIG. 31(a) is a diagram showing an example of pattern 
layout produced in step S1 of the pattern-layout producing 
method of the sixth embodiment of the invention, FIG.31(b) 
is a diagram showing line patterns, pattern end and pattern 
corner extracted from the pattern layout of (a) in step S2 of the 
pattern-layout producing method of the sixth embodiment of 
the invention, FIG. 31(c) is a diagram showing mask enhanc 
ers that are provided inside the line patterns and the like of 
FIG.31(b) in step S3 of the pattern-layout producing method 
of the sixth embodiment of the invention, FIG. 31(d) is a 
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diagram showing the pattern layout in which the mask 
enhancers are arranged with a dimension as determined based 
on the dimension of the line patterns and the like shown in 
FIG.31(c) in step S4 of the pattern-layout producing method 
of the sixth embodiment of the invention, FIG. 31(e) is a 
diagram showing the pattern layout after dimensional adjust 
ment of the mask enhancers of FIG. 31(d) in step S5 of the 
mask-writing data producing method of the sixth embodi 
ment of the invention, FIG. 31(f) is a diagram showing the 
mask-pattern formation data determined based on the dimen 
sionally adjusted pattern layout of FIG.31(e) in step S6 of the 
mask-writing data producing method of the sixth embodi 
ment of the invention, and FIG. 31(g) shows the mask-en 
hancer formation data determined based on the dimensionally 
adjusted pattern layout of FIG. 31(e) in step S6 of the mask 
writing data producing method of the sixth embodiment of 
the invention; 

FIG. 32(a) is a diagram showing an example of a pattern 
whose minimum dimension is sufficiently larger than the 
resolution, and FIG. 32(b) is a diagram showing the simula 
tion result of light intensity distribution projected upon form 
ing the pattern of FIG.32(a) using a conventional photomask: 

FIG.33(a) is a diagram showing an example of a pattern 
whose minimum dimension corresponds to about the resolu 
tion, and FIG. 33(b) is a diagram showing the simulation 
result of light intensity distribution projected upon forming 
the pattern of FIG.33(a) using a conventional photomask: 

FIG. 34(a) is a plan view of a first photomask used in a 
patterning method of a first conventional example, FIG.34(b) 
is a cross-sectional view taken along line I-I of FIG. 34(a), 
FIG. 34(c) is a plan view of a second photomask used in the 
patterning method of the first conventional example, and FIG. 
34(d) is a diagram showing a resist pattern formed by the 
patterning method using the first and second photomasks of 
FIGS. 34(a) and 34(c); and 
FIG.35 is a plan view of a photomask used in a patterning 

method of a second conventional example. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

First Embodiment 

Hereinafter, a photomask according to the first embodi 
ment of the invention will be described with reference to the 
figures. Note that, in the first embodiment, NA indicates a 
numerical aperture (e.g., 0.6) of a reduction projection optical 
system of an aligner, W indicates a wavelength (e.g., 0.193 
um) of exposure light, i.e., a light source, and Mindicates a 
magnification (e.g., 4 or 5) of the reduction projection optical 
system of the aligner. 

FIG. 1 shows the basic structure of the photomask accord 
ing to the first embodiment. 
As shown in FIG. 1, a light-shielding film region 101 of a 

light-shielding film is formed on a transparent substrate 100, 
and a phase shift region 102 is provided inside the light 
shielding film region 101. The width of the light-shielding 
film region 101 including the phase shift region 102 is LxM, 
the width of the phase shift region 102 is WXM, and the width 
of the portion of the light-shielding film region 101 surround 
ing the phase shift region 102 is SXM. The phase shift region 
102 is formed as follows: for example, an opening having the 
same contour as that of the phase shift region 102 is formed in 
the light-shielding film of the light-shielding film region 101, 
and the transparent substrate 100 located under the opening is 
removed down to Such a depth that produces an optical path 
difference corresponding to half the wavelength (converted 
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based on the wavelength ) of the transmitted light. Thus, 
light transmitted through the phase shift region 102 has a 
phase difference of about 180 degrees from the light trans 
mitted through the light-transmitting region (the portion 
including neither the light-shielding film region 101 nor the 
phase shift region 102) of the transparent substrate 100. 
The first embodiment is characterized in that a light-shield 

ing pattern is formed from the light-shielding film region 101 
and the phase-shift region 102. In other words, by using, e.g., 
the photomask of FIG. 1, a pattern having a width L can be 
formed on the wafer. For example, it is now assumed that the 
dimension of a desired pattern (or a designvalue) on the wafer 
is 0.1 um, L 0.1 um. When an aligner with magnification 
M=4 is used, the dimension of the light-shielding pattern on 
the photomask is MxL=0.1x4-0.4 um. 

FIG. 2 is a plan view of a desired design pattern to be 
formed on the substrate to be exposed. 

FIG.3(a) is a plan view of a photomask of a first compara 
tive example for forming the pattern of FIG. 2. 
As shown in FIG.3(a), in the photomask of the first com 

parative example, a light-shielding pattern 111 formed only 
from a light-shielding film Such as a chromium film is formed 
on a transparent substrate 110 of a material that is highly 
transparent to an exposure light source. Such as glass. The 
light-shielding pattern 111 has the dimension of a desired 
pattern (normally, a design value) multiplied by M. For 
example, when the outer width of the desired pattern is 1 um, 
the outer width of the light-shielding pattern 111 is Mum. 
Note that, a region 110a located outside the light-shielding 
pattern 111 in the transparent substrate 110 serves as a light 
transmitting region. As the exposure light source, i-line (365 
nm), KrF excimer laser light (248 nm), ArF excimer laser 
light (193 nm), or F2 excimer laser light (157 nm) or the like 
can be used. 

FIG. 3(b) shows the simulation result of light intensity 
distribution projected to a resist film when the resist film is 
subjected to exposure using the photomask of FIG.3(a). Note 
that the simulation of light intensity distribution was con 
ducted under the following optical conditions: wavelength 
w=0.193 um; numerical aperture NA=0.6; and coherence 
O=0.8. FIG.3(b) shows the light intensity distribution using 
contour lines of the relative light intensity in a two-dimen 
sional relative coordinate system. 
When the photomask of FIG.3(a) is used, light reaches the 

backside of the light-shielding film of the light-shielding 
pattern 111 at locations such as a portion having a narrow line 
width (e.g., region R1), a line end (e.g., region R2) or a pattern 
corner (corner; e.g., region R3), due to the diffraction phe 
nomenon. Accordingly, the exposure light cannot sufficiently 
be shielded using the light-shielding pattern 111 as a mask. As 
a result, as shown in FIG.3(b), the light intensity distribution 
is significantly deformed from the profile similar to the fea 
ture of the light-shielding pattern 111, i.e., desired pattern. 
Moreover, in a region where a pattern having a line width 
equal to or smaller than about the resolution determined by 
the aforementioned optical conditions, specifically, a line 
width of about 0.13 um or less, is to be formed (e.g., region 
R1' or R2), the light intensity distribution has an increased 
distance between contour lines of the relative light intensity. 
As a result, variation in pattern dimension resulting from 
variation in exposure energy is increased. Thus, an exposure 
margin of the resist film is reduced, making it extremely 
difficult to obtain a stable pattern feature. 

FIG.3(c) shows the comparison result between the desired 
pattern feature and the profile of a contour line of the relative 
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light intensity of FIG.3(b), i.e., a contour line that is consid 
ered to represent the resist pattern feature produced by devel 
opment of the resist film. 
As shown in FIG. 3(c), in the expected resist pattern fea 

ture, a line end (e.g., region R2") or a pattern corner (e.g., 
region R3') is withdrawn from the desired pattern feature, and 
a portion having a line width of about 0.13 um (resolution) or 
less (e.g., region R1") is narrower than the desired pattern 
feature. 

Therefore, the inventor produced a photomask of the first 
embodiment, i.e., a photomask having a phase shift region 
within a light-shielding pattern, for example, inside a portion 
of the light-shielding pattern having a line width of about 
(MXresolution) or less, at a line end, or at a pattern corner. 
These phase shift regions provide the light transmitted there 
through with a phase difference of about 180 degrees with 
respect to the light transmitted through a normal light-trans 
mitting region. 

FIG. 4(a) is a plan view of the photomask of the first 
embodiment for forming the pattern of FIG. 2. 
As shown in FIG. 4(a), in the photomask of the first 

embodiment, a light-shielding film region 121 formed from a 
light-shielding film Such as a chromium film is formed on a 
transparent substrate 120. The outer dimension of the light 
shielding film region 121 corresponds to the dimension of a 
desired pattern multiplied by M. For example, when the outer 
width of the desired pattern is 1 um, the outer width of the 
light-shielding film region 121 is Mum. Note that, a region 
120a located outside the light-shielding film region 121 in the 
transparent Substrate 120 serves as a light-transmitting 
region. Moreover, phase shift regions 122 are formed inside 
the light-shielding region 121. The phase shift regions 122 
provide the light transmitted therethrough with a phase dif 
ference of about 180 degrees from the light transmitted 
through the light-transmitting region 120a and have an 
approximately equivalent transmittance to that of the light 
transmitting region 120a. Moreover, a light-shielding pattern 
is formed from the light-shielding film region 121 and the 
phase shift regions 122. 
More specifically, the phase shift regions 122 are provided 

in the light-shielding pattern at locations such as inside a 
portion having a line width of about Mx0.13 Lum (resolution) 
or less (e.g., region r1), at a line end (e.g., region r2) or at a 
pattern corner (e.g., region r3). The phase shift region 122 is 
formed as follows: for example, an opening having the same 
contour as that of the phase shift region 122 is formed in the 
light-shielding film of the light-shielding film region 121, and 
the transparent substrate 120 located under the opening is 
removed down to Such a depth that produces an optical path 
difference corresponding to half the wavelength (converted 
based on the wavelength ) of the transmitted light. 

FIG. 4(b) shows the simulation result of light intensity 
distribution projected to a resist film when the resist film is 
subjected to exposure using the photomask of FIG.4(a). Note 
that the simulation of light intensity distribution was con 
ducted under the following optical conditions: wavelength 
w-0.193 um; numerical aperture NA=0.6; and coherence 
O=0.8. FIG. 4(b) shows the light intensity distribution using 
contour lines of the relative light intensity in a two-dimen 
sional relative coordinate system. 
As shown in FIG. 4(b), the light intensity distribution 

obtained by the photomask of FIG. 4(a) has a profile similar 
to the feature of a light-shielding pattern formed from the 
light-shielding film region 121 and the phase shift regions 
122, i.e., a desired pattern. As a whole, the light intensity 
distribution has a small distance between contour lines of the 
relative light intensity. As a result, variation in pattern dimen 
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sion resulting from variation in exposure energy is reduced. 
Thus, an exposure margin of the resist film is increased, 
thereby facilitating formation of a stable pattern feature. 

FIG.4(c) shows the comparison result between the desired 
pattern feature and the profile of a contour line of the relative 
light intensity of FIG. 4(b), i.e., a contour line that is consid 
ered to represent the resist pattern feature produced by devel 
opment of the resist film. 
As shown in FIG. 4(c), in the expected resist pattern fea 

ture, a line end (e.g., region r2") or a pattern corner (e.g., 
region r3') is not withdrawn from the desired pattern feature, 
or a portion having a line width of about 0.13 Lum (resolution) 
or less (e.g., region r1') does not become narrower than the 
desired pattern feature, as opposed to the case where the 
photomask of the first comparative example is used. In other 
words, the use of the photomask of the first embodiment 
enables formation of a desired pattern feature. 

From the aforementioned results, the inventor found the 
principle that the phase shift region exhibits a better light 
shielding property than that of the light-shielding film region 
when the light-transmitting region and the phase shift region 
having a phase difference of 180 degrees with respect to the 
light-transmitting region are arranged on the photomask so as 
to satisfy prescribed conditions. 

In order to specify the prescribed conditions, the light 
shielding property of the structure using only the light-shield 
ing film or phase shifter as a light-shielding pattern will now 
be described with reference to the figures. 

FIG. 5(a) is a plan view of a mask with a light-shielding 
pattern formed on a transparent Substrate, wherein the light 
shielding pattern is formed only from a light-shielding film 
(hereinafter, this mask is referred to as a photomask of the 
second comparative example). As shown in FIG. 5(a), an 
isolated line pattern 131 having a width of (LxM) is formed 
from a light-shielding film Such as a chromium film on a 
transparent substrate 130. 

FIG. 5(b) is a plan view of a mask with a light-shielding 
pattern formed on a transparent Substrate, wherein the light 
shielding pattern is formed only from a phase shifter (here 
inafter, this mask is referred to as a photomask of the third 
comparative example). As shown in FIG.5(b), an isolatedline 
pattern 141 having a width of (LxM) is formed from a phase 
shifter on a transparent substrate 140. 

FIGS. 5(c) to (e) show the simulation result of light inten 
sity (relative light intensity) distribution of the light transmit 
ted between two points A and B of the photomasks of the 
second and third comparative examples, wherein the width L 
was 0.06 um, 0.10 m and 0.16 um, respectively (optical 
conditions: wavelength v0.193 um; numerical aperture 
NA=0.6; and coherence O=0.8). Note that, in FIGS. 5(c) to 
(e), the dotted line indicates the light intensity distribution of 
the light transmitted between two points A and B of the 
photomask of the second comparative example, and the Solid 
line indicates the light intensity distribution of the light trans 
mitted between two points A and B of the photomask of the 
third comparative example. In FIGS. 5(c) to (e), it can be 
determined that each mask has a greater light-shielding effect 
as the light intensity at the origin of the abscissa, i.e., in the 
center of the isolated line pattern 131 or isolated line pattern 
141 is lower. 

FIG. 5(f) shows the simulation result of a change in light 
intensity (relative light intensity) of the light transmitted 
through the center of the isolated line pattern 131 (the pho 
tomask of the second comparative example) and the isolated 
line pattern 141 (the photomask of the third comparative 
example), wherein the width L was varied continuously (opti 
cal conditions: wavelength v0.193 um; numerical aperture 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

18 
NA=0.6; and coherence O=0.8). Note that, in FIG. 5(f), the 
dotted line indicates a change in light intensity of the light 
transmitted through the center of the isolated line pattern 131, 
and the Solid line indicates a change in light intensity of the 
light transmitted through the center of the isolated line pattern 
141. 
As shown in FIGS.5(c) to (e) and FIG.5(f), when the width 

L is smaller than about the resolution, i.e., about 0.13 um, the 
phase shifter has a greater light-shielding effect than that of 
the light-shielding film. However, when the width L exceeds 
about 0.13 um, the phase shifter has a poorer light-shielding 
effect than that of the light-shielding film. In other words, the 
maximum width L causing the phase shifter to have a greater 
light-shielding effect than that of the light-shielding film is 
about 0.13 um. 
As shown in FIG. 5(f), the maximum light-shielding effect 

of the phase shifter is obtained with the width of around 0.10 
lm. 
FIG. 6 shows the simulation result at various wavelengths 
and numerical apertures NA, wherein the maximum width 

L causing the phase shifter to have a greater light-shielding 
effect than that of the light-shielding film (chromium film) is 
plotted with respect to WNA. 
As shown in FIG. 6, the approximate relation as given by 

L=0.4xWNA is established between WNA and the maximum 
width L causing the phase shifter to have a greater light 
shielding effect than that of the light-shielding film. In other 
words, when the isolated line pattern of the phase shifter 
formed on the transparent substrate has a width (LxM) equal 
to or smaller than (0.4xWNA)xM, this isolated line pattern 
has a greater light-shielding effect than that of the isolated 
line pattern of the light-shielding film. 

FIG. 7 shows the simulation result at various wavelengths 
and numerical apertures NA, wherein the width L. maximiz 

ing the light-shielding effect of the phase shifter is plotted 
with respect to WNA. 
As shown in FIG. 7, the approximate relation as given by 

L=(0.8/3)x/NA is established between WNA and the width 
L. maximizing the light-shielding effect of the phase shifter. In 
other words, when the isolatedline pattern of the phase shifter 
formed on the transparent substrate has a width (LxM) of 
about (0.8/3)xWNA)xM, this isolated line pattern has the 
maximum light-shielding effect. 
From the aforementioned results, the inventor found that a 

light-shielding pattern having an excellent light-shielding 
property can be implemented by the structure having a phase 
shifter of a prescribed dimension or less surrounded by a 
light-shielding film, i.e., the structure having a phase shift 
region Surrounded by a light-shielding film region. 

In order to specify the conditions capable of enhancing the 
light-shielding property of the light-shielding film by the 
phase shifter, the light-shielding property of a light-shielding 
pattern formed from combination of a phase shift region and 
a light-shielding film region will now be described with ref 
erence to the figures. 

FIG. 8(a) is a plan view of a mask having a light-shielding 
pattern formed from combination of a phase-shift region and 
a light-shielding film region, i.e., a photomask of the first 
embodiment. As shown in FIG. 8(a), a light-shielding film 
region 151 is formed on a transparent substrate 150 so as to 
Surround a phase shift region 152, and the light-shielding 
pattern is formed from the light-shielding film region 151 and 
the phase-shift region 152. The width of the light-shielding 
film region 151 including the phase shift region 152 is (LXM). 
the width of the phase shift region 152 is (WxM), and the 
width of the portion surrounding the phase shift region 152 in 
the light-shielding film region 151 is (SxM). Thus, L=W+2S. 
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FIGS. 8(b) to (d) show the simulation result of light inten 
sity (relative light intensity) distribution of the light transmit 
ted between two points A and B of the mask of FIG. 8(a), 
using the width L of 0.10 um, 0.14 um and 0.18 um, respec 
tively, and various widths W (optical conditions: wavelength 
w=0.193 um; numerical aperture NA=0.6; and coherence 
O=0.8). 

FIG. 8(e) shows the simulation result of a change in light 
intensity (relative light intensity) of the light transmitted 
through the center of the light-shielding pattern on the mask 
of FIG. 8(a), using various widths L and various widths W 
(optical conditions: wavelengthw-0.193 um; numerical aper 
ture NA=0.6; and coherence O=0.8). 

FIG.9 shows the simulation result obtained based on FIGS. 
8(b) to (d) and FIG. 8(e), wherein the maximum width W 
causing the structure formed from combination of the phase 
shift region and the light-shielding film region to have a 
greater light-shielding effect (lower light intensity) than that 
of the structure formed only from the light-shielding film 
(chromium film) (corresponding to W=0) is plotted with 
respect to the width L. 

According to the aforementioned property of the light 
shielding effect resulting only from the phase shifter, it is 
expected that, provided that the phase shifter is provided 
inside the light-shielding film so as to be surrounded by the 
light-transmitting region (the region of the transparent Sub 
strate having no light-shielding pattern) at a distance of 0.4x 
WNA or less, that is, so as to satisfy W+Ss:0.4xWNA, this 
light-shielding pattern would implement a greater light 
shielding effect than that of a light-shielding pattern having 
the same dimension but formed only from the light-shielding 
film. Note that, when W+Ss:0.4xWNA is satisfied, Ls (0.8x 
WNA)-W. Therefore, Ls (0.8x)/NA) is satisfied. 
On the other hand, as shown in FIG. 9, the approximate 

relation as given by W=(0.8x)/NA)-L is established between 
the width L and the maximum width W causing the structure 
formed from combination of the phase shift region and the 
light-shielding film region to have a greater light-shielding 
effect than that of the structure using only the light-shielding 
film. In other words, it is assumed that an opening having a 
width of (WxM) is formed inside a light-shielding film hav 
ing a width of (LXM) for use as a phase shift region. In this 
case, as long as Wis (0.8x)/NA)-L is satisfied, the light 
shielding effect can be improved over the case where the 
light-shielding film having a width of (LxM) is directly used. 
Note that, when Ws(0.8x)/NA)-L is satisfied, W+Ss:0.4x 
WNA. Therefore, the result of FIG. 9 corresponds to the 
expectation described above. Provided that Ls 0.4x /NA, 
even the light-shielding pattern formed only from the phase 
shifter, i.e., W-L, can improve the light-shielding effect over 
the light-shielding pattern formed only from the light-shield 
ing film. 

From the aforementioned results, the inventor found that 
the light-shielding effect of a light-shielding pattern having a 
width (LxM) of (0.8xw/NA)xM or less is improved by form 
ing therein a phase shift region, i.e., an opening, having a 
width (WxM) of ((0.8x)/NA)-L)xM or less. Hereinafter, a 
phase shift region formed inside a light-shielding pattern so as 
to satisfy the aforementioned conditions is referred to as a 
mask enhancer. 

FIG. 10 shows the simulation result obtained based on 
FIGS. 8(b) to (d) and FIG. 8(e), wherein the width W maxi 
mizing the light-shielding effect of the mask enhancer is 
plotted with respect to the width L. 
As shown in FIG. 10, the approximate relation as given by 

W=((0.8xWNA)-L)/2 is established between the width Land 
the width W maximizing the light-shielding effect of the 
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mask enhancer. In other words, it is assumed that an opening 
having a width of (WxM) is formed within a light-shielding 
film having a width of (LXM) for use as a mask enhancer. In 
this case, when W=(0.8x)/NA)-L)/2, the maskenhancer has 
the maximum light-shielding effect. 
The inventor also found that, provided that a light-shield 

ing pattern formed from a light-shielding film and a mask 
enhancer located therein has a width of (LxM) and the mask 
enhancer has a width of (WxM) as well as Wis (0.8x) /NA)- 
L., the mask enhancer improves the light-shielding effect even 
if the mask enhancer is not located in the center of the light 
shielding pattern. 

FIG.11(a) is a plan view of a mask having a mask enhancer 
displaced from the center of a light-shielding pattern. As 
shown in FIG. 11(a), a light-shielding film region 161 is 
formed on a transparent Substrate 160 so as to Surround a 
mask enhancer 162. The light-shielding pattern is formed 
from the light-shielding film region 161 and the mask 
enhancer 162. The width of the light-shielding film region 
161 including the mask enhancer 162, i.e., the width of the 
light-shielding pattern, is (LXM), the width of the mask 
enhancer 162 is (WxM), and the offset width between the 
respective center lines of the light-shielding pattern and the 
mask enhancer 162 is (dxM). 

FIG. 11(b) shows the simulation result of light intensity 
(relative light intensity) distribution of the light transmitted 
between two points A and B of the mask of FIG. 11(a), 
wherein the width L was 0.14 um, the width W was 0.06 um, 
and the offset width d was varied in the range of -0.03 um to 
0.03 um (optical conditions: wavelength v0.193 um; 
numerical aperture NA=0.6; and coherence O=0.8). 
As shown in FIG. 11(b), the mask enhancer has substan 

tially the same light-shielding effect regardless of its position 
on the light-shielding pattern. Although the displacement 
amount of the mask enhancer is 0.06 umxM (which is the 
displacement amount between d=-0.03um and d=0.03 um), 
the displacement amount of the light intensity distribution 
itself is about 0.02 Lum. Thus, displacement of the mask 
enhancer has a slight effect on the light intensity distribution. 
Accordingly, it can be appreciated that the positional control 
of the mask enhancer is not so important in the light-shielding 
pattern structure using the mask enhancer. 
As has been described above, according to the first embodi 

ment, a mask enhancer having a width (WxM) of ((0.8x) / 
NA)-L)xMorless is provided inside a light-shielding pattern 
having a width (LxM) of (0.8xWNA)xM or less. Therefore, 
the transmitted light reaching the backside of the light-shield 
ing film region of the light-shielding pattern due to the dif 
fraction phenomenon is cancelled by the light transmitted 
through the mask enhancer. As a result, the light-shielding 
effect of the light-shielding pattern is improved. In this case, 
by providing the mask enhancer so as to satisfy W=((0.8x) / 
NA)-L)/2, the light-shielding effect of the light-shielding 
pattern can be maximized. Provided that Ls 0.4xWNA, even 
the light-shielding pattern formed only from the phase shifter, 
i.e., W-L, can improve the light-shielding effect over the 
light-shielding pattern formed only from the light-shielding 
film. 

Hereinafter, the light-shielding property obtained by the 
mask enhancer with an optimized width will be described 
with reference to the figures. 

FIGS. 12(a) to (c) show the simulation result of light inten 
sity distribution obtained by the following masks: a simple 
light-shielding film mask whose light-shielding pattern is 
formed only from a light-shielding film (hereinafter, referred 
to as a photomask of the fourth comparative example); a 
halftone phase shift mask (hereinafter, referred to as a pho 
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tomask of the fifth comparative example); and a mask of the 
present embodiment including a mask enhancer with an opti 
mized width in the light-shielding pattern, wherein the light 
shielding pattern has a width of (LxM) and L was varied in the 
range of 0.26 um to 0.10 um. 

FIGS. 12(d) to (f) show the simulation result of light inten 
sity distribution obtained by combination of the photomasks 
of the fourth and fifth comparative examples and the present 
embodiment with annular exposure as shown in FIG. 13 (a 
light-shielding filter having a radius equal to two-thirds of the 
radius of the light source is provided in the center of the light 
Source of the aligner), wherein the light-shielding pattern has 
a width of (LxM) and L is varied in the range of 0.26 um to 
0.10 um. 

Note that the simulation of light intensity distribution of 
FIGS. 12(a) to (f) was conducted under the following optical 
conditions: wavelength v0.193 um; numerical aperture 
NA=0.6; and coherence O-0.8, and thus 0.8xw/NAs0.26 um 
and (0.8/3)xWNAs0.09 um. The light intensity distribution 
shown in FIGS. 12(a) to (f) is calculated along the transverse 
direction of the light-shielding pattern using the center of the 
light-shielding pattern as the origin. 
As shown in FIG. 12(a), in the case of the simple light 

shielding film mask, the light-shielding effect of the light 
shielding pattern is degraded as L becomes Smaller than 0.8x 
WNA (0.26 um), whereby an exposure margin is abruptly 
reduced. 

As shown in FIG. 12(b), in the case of the halftone phase 
shift mask as well, the light-shielding effect of the light 
shielding pattern is degraded as L becomes Smaller, whereby 
an exposure margin is abruptly reduced. 
As shown in FIG. 12(c), in the case of the mask of the 

present embodiment having the optimized mask enhancer 
structure, approximately the same light-shielding effect is 
obtained with any width L in the range of 0.8xw/NA to (0.8/ 
3)xWNA (about 0.10 um). Note that, as described before, 
when L is 0.8xWNA or more, a sufficient light-shielding 
effect is obtained by a normal light-shielding pattern formed 
only from the light-shielding film. Therefore, with the mask 
enhancer structure, a Sufficient light-shielding effect can be 
realized with any width L of (0.8/3)xw/NA or more. It is 
clearly understood that, in the present embodiment, L=(0.8/ 
3)x}WNA does not mean the resolution limit, and a pattern can 
beformed with the mask enhancer even if L is (0.8/3)xWNA 
or less. 

As shown in FIGS. 12(a) and 12(d) or FIGS. 12(b) and 
12(e), the simple light-shielding film mask or the halftone 
phase shift mask has a degraded light-shielding property 
when combined with annular exposure. In contrast, as shown 
in FIGS. 12(c) and 12(f), the mask of the present embodiment 
does not have a degraded light-shielding property even in 
combination with annular exposure. 

Note that the effects resulting from combining the mask of 
the present embodiment with annular exposure will be 
described later. 

Hereinafter, the relation between L and W will be 
described with reference to the figures. It is herein assumed 
that the width of the light-shielding pattern including the 
mask enhancer is (LxM) and the width of the mask enhancer 
is (WxM). 

FIG. 14(a) is a graphic representation of W=L and W-Ox 
(A-L)/2 (where A=0.8.xWNA, and C=0.5, 1.0, 1.5 and 2.0), 
wherein the abscissa is L and the ordinate is W. Herein, 
W=Ox(A-L)/2 satisfies the condition relating to the width 
(WxM) of the mask enhancer: Ws (0.8x) /NA)-L-A-L 
(where WisL). Disregarding the minimum possible dimen 
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sion to be implemented on the photomask, WisL for the width 
(WxM) of the mask enhancer. 

In FIG. 14(a), the intersection of W=L and W=Ox(A-L)/2 
is marked with “”, and the value L at the intersection is a 
CXA/(2+C). 
As described before, the mask enhancer is provided in the 

light-shielding pattern satisfying L-A. As shown in FIG. 
14(a), when L-A, the value W-Ox(A-L)/2 is increased as L 
is decreased, and becomes equal to L at the point “”. Thus, 
when L is Smaller than this value, the light-shielding pattern 
can beformed only from the phase shifter. For example, when 
C=1, the light-shielding pattern of L-A/3 may beformed only 
from the phase shifter. 

FIG. 14(b) is a graphic representation of W=L-2E and 
W=Cux(A-L)/2 (where A=0.8x)/NA, and C=0.5, 1.0, 1.5 and 
2.0), wherein the abscissa is L and the ordinate is W. Herein, 
(ExM) is the minimum possible dimension to be imple 
mented on the photomask, and for example, means a value 
approximately corresponding to the alignment accuracy of a 
photomask writing apparatus. It should be understood that the 
width (LxM) of the light-shielding pattern including the mask 
enhancer and the width (WxM) of the mask enhancer are both 
equal to or larger than the minimum possible dimension 
(ExM). Since the light-shielding film having a width of at 
least (ExM) must be left on both sides of the mask enhancer, 
WsL-2E for the width (WxM) of the mask enhancer. 

In FIG. 14(b), the intersection of W-L-2E and W-Ox(A- 
L)/2 is marked with “”, and the value L at the intersection is 
(C.X.A+4xE)/(2+C). 
As shown in FIG. 14 (b), when L-A, the value W=Ox(A- 

L)/2 is increased as L is decreased, and becomes equal to 
L-2E at the point “”, as in the case of FIG.14(a). Thus, when 
L is smaller than this value, only the width of the mask 
enhancer is reduced. That is, only the width of the mask 
enhancer is reduced as L is decreased, so that the light 
shielding film of the width (ExM) is left on both sides of the 
mask enhancer. For example, when C=1, only the width of the 
mask enhancer is varied in the light-shielding pattern of 
L<(A+4xE)/3. 
AS shown in FIG. 14(a) and FIG. 14(b), if the width 

(WxM) of the mask enhancer is determined within the range 
of Ws2x(A-L)/2=A-L and WsL or WsL-2E, the light 
shielding property can be improved by the mask enhancer. 
The light-shielding property of the mask enhancer is maxi 
mized when both W=(A-L)/2 and L2A/3 are satisfied. How 
ever, the light-shielding property can be sufficiently improved 
by the mask enhancer as long as 0.5x(A-L)/2s Wis 1.5x(A- 
L)/2 and WsL or Wis L-2E are satisfied. 

Hereinafter, the relation between the transmittance and 
phase of the mask enhancer and the light-shielding effect 
thereof will be described. 

FIG. 15 shows the simulation result of a change in the 
light-shielding effect in the mask of the present embodiment 
having a mask enhancer with a width optimized at L=0.10 
um, wherein the width of the light-shielding patternis (LXM). 
that is, the simulation result of a change in the light-shielding 
effect obtained while varying the transmittance and phase of 
a phase shift region serving as mask enhancer. Note that the 
light-shielding effect was evaluated by the following expres 
sion: (F(X,Y)-F(180, 1.0))/F(180, 1.0) (where X is a phase, 
Y is transmittance intensity (the square of phase transmit 
tance; the transmittance intensity of the light-transmitting 
region is 1), and F(X,Y) is the light intensity at the center of 
the light-shielding pattern). In FIG. 15, the transmittance and 
phase values are plotted for the evaluation expressions of the 
light-shielding effect of 1.0, 2.0 and 3.0. 
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Provided that the condition where the evaluation expres 
sion of the light-shielding effect becomes equal to 1, i.e., the 
condition where a change in light intensity becomes equal to 
the minimum light intensity F(180, 1.0) according to a change 
in transmittance and phase, is the allowable limit of the light 
shielding effect of the mask enhancer, the phase difference of 
the mask enhancer with respect to the light-transmitting 
region is preferably in the range of (170+360xn) to (190+ 
360xn) degrees (where n is an integer), as shown in FIG. 15. 
The transmittance intensity of the mask enhancer is prefer 
ably 80% or more of the transmittance intensity of the light 
transmitting region. 

Note that the foregoing description is given assuming that 
the light-shielding patternis a line pattern. However, the mask 
enhancer has the effect of improving the light-shielding prop 
erty when it is provided inside the light-shielding film so as to 
be surrounded by the light-transmitting region from at least 
two directions at a distance of 0.4xWNA or less. Accordingly, 
the mask enhancer improves the light-shielding effect even 
when it is provided at or inside a corner of the light-shielding 
pattern, or at or inside an end of the light-shielding pattern 
formed as a line pattern. This enables formation of a fine 
pattern with a feature truly similar to that of a desired light 
shielding pattern. 

Second Embodiment 

Hereinafter, a patterning method according to the second 
embodiment of the invention will be described with reference 
to the figures. Note that the patterning method of the second 
embodiment is a patterning method using the photomask of 
the first embodiment. In the second embodiment, Mindicates 
a magnification of a reduction projection optical system of an 
aligner. 

FIGS. 16(a) to (e) are cross-sectional views illustrating the 
steps of the patterning method of the second embodiment, 
respectively. 

First, as shown in FIG.16(a), a film 201 to be etched of a 
metal film or insulating film is formed on a substrate 200. An 
underlying insulating film, underlying wirings, active ele 
ments such as transistors, or the like may be formed in 
advance on the substrate 200. 

Then, as shown in FIG.16(b), a resist film 202 is formed on 
the etching film 201. 

Note that the present embodiment uses a positive resist, a 
resist whose exposed portion is removed by development, as 
a material of the resist film 202. However, a negative resist 
may alternatively be used in order to form a fine resist-re 
moved region like a hole pattern. 

Then, as shown in FIG. 16(c), the resist film 202 is sub 
jected to pattern exposure using the photomask of the first 
embodiment, i.e., a photomask 203 having a light-shielding 
pattern 203a of the mask enhancer structure. More specifi 
cally, exposure light 204 is directed to the photomask 203, so 
that the light 205 transmitted therethrough is incident on a 
prescribed portion of the resist film 202. 

Then, as shown in FIG.16(d), the exposed resist film 202 is 
developed to form a resist pattern 202A. 

Thereafter, as shown in FIG.16(e), the etching film 201 is 
etched using the resist pattern 202A as an etching mask, 
thereby forming a pattern 201A of the etching film 201. 

According to the second embodiment, pattern exposure is 
conducted using the photomask of the first embodiment. 
Therefore, even when the resist pattern 202A or pattern 201A 
having a dimension equal to or Smaller than about the reso 
lution is formed, the light-shielding pattern 203a provides 
approximately the same light-shielding effect as that pro 
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vided when a pattern having a dimension equal to or larger 
than about the resolution is formed. Accordingly, the resist 
pattern 202A or pattern 201A having any feature and any 
dimension including a dimension equal to or Smaller than 
about the resolution can beformed by exposure using only the 
photomask of the first embodiment. 
The inventor found that, in addition to the improved light 

shielding property, a unique effect, i.e., an improved process 
margin such as focus characteristics, can be obtained by the 
use of the mask enhancer. Hereinafter, this effect of improved 
process margin will be described with reference to the figures. 

FIGS. 17(a) to (c) shows light-source features of normal 
exposure, annular exposure and quadrupole exposure, 
respectively. The annular exposure and quadrupole exposure 
are examples of oblique-incidence exposure. 

FIG. 18(a) shows the simulation result of the DOF (Depth 
of Focus) values of the following three photomasks upon 
normal exposure of FIG. 17(a): a simple light-shielding film 
mask (the photomask of the fourth comparative example); a 
halftone phase shift mask (the photomask of the fifth com 
parative example); and a photomask of the first embodiment 
having the mask enhancer with optimized width (hereinafter, 
referred to as the photomask of the invention), wherein the 
light-shielding pattern has a width (LXM) and L was varied in 
the range from 0.10 um to 0.25um. 

FIG. 18(b) shows the simulation result of the DOF values 
of the photomasks of the fourth and fifth comparative 
examples and the photomask of the invention upon annular 
exposure of FIG. 17(b), wherein the light-shielding pattern 
has a width (LxM) and L was varied in the range from 0.05um 
to 0.25um. 

FIG. 18(c) shows the simulation result of the DOF values 
of the photomasks of the fourth and fifth comparative 
examples and the photomask of the invention upon quadru 
pole exposure of FIG. 17(c), wherein the light-shielding pat 
tern has a width (LxM) and L was varied in the range from 
0.05um to 0.30 um. 

Note that, in FIGS. 18(a) to (c), a line width varying 
depending on a focus position (Critical Dimension; hereinaf 
ter, referred to as CD) was simulated under the conditions to 
realize an arbitrary value L. Thus, an allowable range of the 
focus position in which the CD varies within +10% of the CD 
value at the focus position=0 was obtained as a DOF value. 
As shown in FIGS. 18(a) to (c), the halftone phase shift 

mask combined with an oblique incidence illumination 
method Such as an annular illumination or quadrupole illu 
mination method improves the DOF (over the normal expo 
Sure) only to about the same degree as that of the simple 
light-shielding film mask. In contrast, by using the oblique 
incidence illumination method, the photomask of the inven 
tion having the mask enhancer structure significantly 
improves the DOF as L is decreased. 

Thus, the mask enhancer has not only the effect of improv 
ing the light-shielding property, but also the effect of improv 
ing a process margin such as DOF when combined with the 
oblique-incidence illumination method. In other words, the 
mask enhancer adjusted to maximize the light-shielding 
effect has very good exposure-energy characteristics and 
focus characteristics when combined with the oblique-inci 
dence illumination method. Accordingly, in order to form a 
pattern having an arbitrary dimension of 0.8xWNA or less, 
the mask enhancer is provided in the light-shielding pattern 
on the photomask, and oblique-incidence exposure is con 
ducted. As a result, a fine pattern that cannot be produced with 
a conventional photomask can be realized as well as a high 
yield can be implemented in the LSI manufacturing with a 
high process margin. 
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Third Embodiment 

Hereinafter, a method for producing a photomask accord 
ing to the third embodiment of the invention will be described 
with reference to the figures. Note that the photomask pro 
ducing method of the third embodiment is a method for pro 
ducing the photomask of the first embodiment, i.e., a photo 
mask including an isolated light-shielding pattern formed 
from a light-shielding film region and a mask enhancer on a 
transparent substrate. In the third embodiment, NA is a 
numerical aperture of a reduction projection optical system of 
an aligner, w is a wavelength of exposure light, i.e., a light 
Source, and M is a magnification of the reduction projection 
optical system of the aligner. 

FIGS. 19(a) to (g) are cross-sectional views illustrating the 
steps of the photomask producing method of the third 
embodiment, respectively. FIGS. 190h) to (l) are plan views 
corresponding to FIGS. 190b), (c), (e), (f) and (g), respec 
tively. 

First, as shown in FIG. 19(a), a light-shielding film 301 of, 
e.g., a chromium compound is deposited on a transparent 
Substrate 300 of e.g., quartz glass. Then, a resist is applied to 
the light-shielding film 301 to form a first resist film 302. 

Then, a patternis written on the first resist film302 by using 
a mask writing apparatus Such as an electron-beam (EB) 
lithography system. The first resist film 302 is then devel 
oped, whereby a first resist pattern 302A covering a mask 
pattern formation region is produced as shown in FIG. 190b) 
or FIG. 19(h). 

Thereafter, the light-shielding film 301 is etched using the 
first resist pattern 302A as a mask. As a result, as shown in 
FIG. 19(c) or FIG. 19(i), a mask pattern 301A of the light 
shielding film 301 is formed, and then the first resist pattern 
302A is removed. If there are any defects in the mask pattern 
301A after completion of the step of FIG. 190c), a repairing 
step or the like in the conventional mask manufacturing 
method is conducted. 

Then, as shown in FIG. 19(d), a resist is applied to the 
transparent substrate 300 with the mask pattern 301A so as to 
form a second resist film 303. 

Thereafter, a pattern is written on the second resist film303 
by using the mask writing apparatus. The second resist film 
303 is then developed, whereby a second resist pattern 303A 
having an opening in the mask-enhancer formation region is 
formed as shown in FIG. 19(e) or FIG. 19(j). Note that the 
mask-enhancer formation region is always located inside the 
mask pattern 301A. Therefore, the opening of the second 
resist pattern 303A is always formed on the mask pattern 
301A. 
As shown in FIG. 19(f) or FIG. 190k), the mask pattern 

301A is then etched using the second resist pattern 303A as a 
mask, thereby forming an opening 304 in the mask pattern 
301A. 

Thereafter, the transparent substrate 300 is etched using the 
second resist pattern 303A as a mask. Thus, as shown in FIG. 
19(g) or FIG. 19(I), the transparent substrate 300 located 
under the opening 304 is removed down to such a depth that 
provides the light transmitted therethrough with phase inver 
sion of 180 degrees with respect to the exposure light. The 
second resist pattern 303A is then removed. At this time, the 
transparent substrate 300 is etched so that the mask pattern 
301A slightly overhangs the etched portion of the transparent 
Substrate 300. 
As has been described above, according to the third 

embodiment, the mask pattern 301A is first formed by pat 
terning the light-shielding film 301 on the transparent sub 
strate 300, and then the opening 304 located in the mask 
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enhancer formation region is formed in the mask pattern 
301A. Thereafter, the transparent substrate 300 located under 
the opening 304 is etched. This enables the phase difference 
to be provided between the maskenhancer and the transparent 
substrate 300 located outside the mask pattern 301A, i.e., the 
light-transmitting region. Therefore, the photomask of the 
first embodiment can be formed by setting the width of the 
opening 304, i.e., the width of the mask enhancer, Such that 
the light-shielding property of the mask enhancer becomes at 
least about the same as that of the light-shielding film having 
the same width. 

Important parameters in the photomask of the first embodi 
ment are the width of the light-shielding pattern including the 
mask enhancer, i.e., the width (LXM) of the mask pattern 
301A including the opening 304, and the width of the mask 
enhancer, i.e., the width (WxM) of the opening 304 (see FIG. 
19(g)). 

According to the third embodiment, the patterning step for 
forming the mask pattern 301A is conducted independently 
of the patterning step for forming the opening 304. This 
enables accurate dimensional control of the light-shielding 
patternand the mask enhancer, whereby the photomask of the 
first embodiment can be reliably produced. 

Note that, although the third embodiment uses quartz glass 
as a material of the transparent substrate 300, the present 
invention is not limited to this, and calcium fluoride or the like 
may alternatively be used. 

Although the third embodiment uses a chromium com 
pound as a material of the light-shielding film 301, the present 
invention is not limited to this, and a metal Such as chromium, 
silicon or Zirconium, a compound thereof or the like may 
alternatively be used. 

In the third embodiment, it is preferable that Wis0.4x / 
NA, when the width of the opening 304, i.e., the width of the 
mask enhancer, is (WxM). In this case, it is ensured that the 
mask enhancer has at least about the same light-shielding 
property as that of the light-shielding film having the same 
width. 

In the third embodiment, it is preferable that Ls 0.8xWNA, 
when the width of the mask pattern 301A including the open 
ing 304, i.e., the width of the light-shielding pattern, is 
(LXM). In this case, the effect of improving the light-shield 
ing property is obtained by the opening 304, i.e., the mask 
enhancer, formed in the mask pattern 301A. When Wis (0.8x 
WNA)-L and WsL or WsL-2E (where (ExM) is the mini 
mum possible dimension to be implemented on the photo 
mask), the effect of improving the light-shielding property is 
reliably obtained. When 0.5x(((0.8xWNA)-L)/2)sWs 1.5x 
(((0.8xWNA)-L)/2) and WsL or WisL-2E, the effect of 
improving the light-shielding property can be enhanced. 
Moreover, when W=(0.8xWNA)-L)/2 (where L2(0.8x)/ 
NA)/3), the effect of improving the light-shielding property 
can be maximized. 

In the third embodiment, the transparent substrate 300 
located under the opening 304 is removed down to such a 
depth that provides the light transmitted therethrough with 
phase inversion of 180 degrees with respect to the exposure 
light. Alternatively, the transparent substrate 300 located 
under the opening 304 may be removed down to such a depth 
that provides the light transmitted therethrough with phase 
inversion of (170+360xn) to (190+360xn) degrees (where n is 
an integer) with respect to the exposure light. 

In the third embodiment, the entire transparent substrate 
300 may be subjected to etching after the step of FIG. 190g) so 
that the transmittance can be adjusted with the transparent 
substrate 300 having an equivalent surface condition both in 
the light-transmitting region and the mask enhancer portion. 
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In the third embodiment, the patterning step for forming 
the opening 304 (FIG. 19(f)) is conducted after the patterning 
step for forming the mask pattern 301A (FIG. 19(c)). Alter 
natively, the patterning step for forming the mask pattern 
301A may be conducted after the patterning step for forming 
the opening 304. 

Hereinafter, advantages of the photomask producing 
method of the third embodiment over the conventional pho 
tomask producing method, i.e., advantages obtained by the 
characteristics of the mask enhancer, will be described. 

First, in the case where the transparent substrate is etched 
by the conventional photomask producing method so as to 
form a groove serving as a phase shifter, it is difficult to form 
the groove with a vertical wall surface. Therefore, it is impos 
sible to provide the transmitted light with an abrupt phase 
change at the boundary between the light-transmitting region 
and the phase shifter. As a result, a sufficient phase shift effect 
cannot be obtained. In contrast, in the third embodiment, the 
transparent substrate 300 located under the opening 304 is 
etched so as to form a groove serving as a mask enhancer. The 
dimension of the mask enhancer can be controlled by the 
width of the opening 304. Therefore, as shown in FIG. 190g), 
the transparent substrate 300 located under the opening 304 is 
etched such that the mask pattern 301A slightly overhangs the 
etched portion of the substrate 300. In other words, the groove 
serving as the mask enhancer is formed so as to extend under 
the mask pattern 301A. In this case, the resultant effect is the 
same as that obtained when a groove having a completely 
vertical wall surface is formed under the opening 304 as a 
mask enhancer. In other words, the light-shielding effect of 
the mask enhancer can be realized without being affected by 
the wall surface profile of the groove formed by etching of the 
transparent substrate 300. 

Second, in producing a phase shift mask, it is generally 
impossible to repair the etching residues, defects or the like 
resulting from etching of the Substrate for forming a phase 
shifter. Therefore, a sufficient phase shift effect cannot be 
obtained. In the third embodiment as well, defects or the like 
may possibly be produced by etching the substrate for form 
ing a mask enhancer. However, the mask enhancer is intended 
to provide the effect of improving the light-shielding prop 
erty, and it is less likely that the defects in the mask enhancer 
significantly affect the effect of improving the light-shielding 
property. Accordingly, repairing of the defects in the mask 
enhancer is less likely to be required, and thus reduction in 
yield is less likely to occur in the production of the phase shift 
mask. 

FIG. 200a) shows the state where a defect (white defect) 
causing no phase inversion is present within the mask 
enhancer of the photomask of the first embodiment. As shown 
in FIG.20(a), a light-shielding film region 351 is formed on 
a transparent Substrate 350 so as to Surround a mask enhancer 
352, and the light-shielding pattern is formed from the light 
shielding film region 351 and the mask enhancer 352. A 
defect 353 causing no phase inversion has been produced in 
the mask enhancer 352. The width of the light-shielding film 
region 351 including the mask enhancer 352 is (LXM), the 
width of the mask enhancer 352 is (WxM), and the width of 
the defect 353 is (PxM). 

FIGS.20(b) to (d) show the simulation result of light inten 
sity (relative light intensity) distribution of the light transmit 
ted between two points A and B of the mask of FIG. 200a). 
wherein the width L was 0.10 um, 0.14 um and 0.18 um, 
respectively, and the width P was varied with respect to the 
width W that maximizes the light-shielding effect of the mask 
enhancer 352 (optical conditions: wavelength v0.193 um; 
numerical aperture NA=0.6; and coherence O=0.8). 
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As shown in FIGS. 200b) to (d), even if the defect 353 

having a width P of about 0.05um or less is present within the 
mask enhancer 352, the resultant light intensity distribution is 
approximately the same as that obtained when there is no 
defect 353. Thus, the effect of improving the light-shielding 
property is not degraded. In other words, the mask enhancer 
structure is immune to the defects of no phase inversion 
having a width of up to about 0.05um. 

FIG. 21(a) shows the state where an etching residue of the 
light-shielding film (black defect or debris defect) is left 
within the mask enhancer of the photomask of the first 
embodiment. As shown in FIG. 21(a), a light-shielding film 
region 361 is formed on a transparent substrate 360 so as to 
Surround a mask enhancer 362, and the light-shielding pattern 
is formed from the light-shielding film region 361 and the 
mask enhancer 362. An etching residue 363 of the light 
shielding film is left within the mask enhancer 362. The width 
of the light-shielding film region 361 including the mask 
enhancer 362 is (LXM), the width of the mask enhancer 362 
is (WxM), and the width of the etching residue 363 is (PxM). 

FIGS. 21(b) to (d) show the simulation result of light inten 
sity (relative light intensity) distribution of the light transmit 
ted between two points A and B of the mask of FIG. 21(a), 
wherein the width L was 0.10 um, 0.14 um and 0.18 um, 
respectively, and the width P was varied with respect to the 
width W that maximizes the light-shielding effect of the mask 
enhancer 362 (optical conditions: wavelength v0.193 um; 
numerical aperture NA=0.6; and coherence O=0.8). 
As shown in FIGS. 21(b) to (d), even if the etching residue 

363 having a width P of about 0.05um or less is present within 
the mask enhancer 362, the resultant light intensity distribu 
tion is approximately the same as that obtained when there is 
no etching residue 363. Thus, the effect of improving the 
light-shielding property is not degraded. In other words, the 
mask enhancer structure is immune to the etching residues 
having a width of up to about 0.05um. 

Third, the minimum line width of the light-shielding pat 
tern capable of being directly formed with a mask writing 
apparatus Such as an EB lithography system is generally 
limited. In contrast, in the third embodiment, the patterning 
step for forming the mask pattern 301A is conducted inde 
pendently of the patterning step for forming the opening 304. 
i.e., the mask enhancer. Therefore, a fine line width up to the 
alignment margin of the mask writing apparatus can be used 
as the line width of the mask pattern 301A surrounding the 
opening 304, i.e., the line width of the light-shielding film 
pattern (light-shielding film region) Surrounding the mask 
enhancer. For example, the alignment margin of the EB 
lithography system is Smaller than the minimum possible 
pattern width to be formed by the EB lithography system. 
Therefore, in the third embodiment in which the mask pattern 
and the mask enhancer are respectively formed in two sepa 
rate patterning steps, a narrower light-shielding film pattern 
can be formed as compared to the conventional example. It 
should be noted that, since the mask pattern and the mask 
enhancer are respectively formed in separate patterning steps 
in the third embodiment, the mask enhancer may possibly be 
displaced, i.e., may not be located in the center of the mask 
pattern. However, as described in the first embodiment in 
connection with FIG. 11, exposure with the photomask hav 
ing a displaced mask enhancer hardly affects the light inten 
sity distribution. 
First Modification of Third Embodiment 

Hereinafter, a method for producing a photomask accord 
ing to the first modification of the third embodiment of the 
invention will be described with reference to the figures. 
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Note that the first modification of the third embodiment is 
different from the third embodiment in the following point: in 
the third embodiment, the patterning step for forming the 
opening is conducted after the patterning step for forming the 
mask pattern. However, in the first modification of the third 
embodiment, the patterning step for forming the opening is 
conducted prior to the patterning step for forming the mask 
pattern. 

FIGS. 22(a) to (g) are cross-sectional views illustrating the 
steps of the photomask producing method of the first modi 
fication of the third embodiment, respectively. FIGS. 22(h) to 
(k) are plan views corresponding to FIGS. 22(b), (c), (f) and 
(g), respectively. 

First, as shown in FIG. 22(a), a light-shielding film 311 of, 
e.g., a chromium compound is deposited on a transparent 
Substrate 310 of e.g., quartz glass. Then, a resist is applied to 
the light-shielding film 311 to form a first resist film 312. 

Then, a patternis written on the first resist film 312 by using 
a mask writing apparatus. The first resist film 312 is then 
developed, whereby a first resist pattern 312A having an 
opening in the mask-enhancer formation region is produced 
as shown in FIG. 22(b) or FIG. 22(h). 

Thereafter, the light-shielding film 311 is etched using the 
first resist pattern 312A as a mask. As a result, as shown in 
FIG. 22(c) or FIG. 22(i), an opening 313 is formed in the 
light-shielding film 311, and then the first resist pattern 312A 
is removed. 
As shown in FIG. 22(d), the transparent substrate 310 is 

then etched using the light-shielding film 311 with the open 
ing 313 as a mask. Thus, the transparent substrate 310 located 
under the opening 313 is removed down to such a depth that 
provides the light transmitted therethrough with phase inver 
sion of 180 degrees with respect to the exposure light. At this 
time, the transparent substrate 310 is etched so that the light 
shielding film 311 slightly overhangs the etched portion of the 
transparent substrate 310. 

Then, as shown in FIG. 22(e), a resist is applied to the 
light-shielding film 311 including the opening 313 so as to 
form a second resist film 314. 

Thereafter, a pattern is written on the second resist film 314 
by using the mask writing apparatus. The second resist film 
314 is then developed, whereby a second resist pattern 314A 
covering the mask-pattern formation region is produced as 
shown in FIG. 22(f) or FIG. 22(j). 
The light-shielding film 311 is then etched using the sec 

ond resist pattern 314A as a mask. Thus, as shown in FIG. 
22(g) or FIG. 22(k), a mask pattern 311A formed from the 
light-shielding film 311 and having the opening 313 is 
formed, and then the second resist pattern 314A is removed. 
As has been described above, according to the first modi 

fication of the third embodiment, the opening 313 located in 
the mask-enhancer formation region is first formed in the 
light-shielding film 311 on the transparent substrate 310, and 
then the transparent substrate 310 located under the opening 
313 is etched. Thereafter, the mask pattern 311A having the 
opening 313 is formed by patterning the light-shielding film 
311. This enables the phase difference to be provided between 
the mask enhancer and the transparent substrate 310 located 
outside the mask pattern 311A, i.e., the light-transmitting 
region. Therefore, the photomask of the first embodiment can 
be formed by setting the width of the opening 313, i.e., the 
width of the mask enhancer, Such that the light-shielding 
property of the mask enhancer becomes at least about the 
same as that of the light-shielding film having the same width. 

Moreover, according to the first modification of the third 
embodiment, the patterning step for forming the mask pattern 
311A is conducted independently of the patterning step for 
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forming the opening 313. This enables accurate dimensional 
control of the mask pattern 311A including the opening 313, 
i.e., the light-shielding pattern, as well as the mask enhancer, 
whereby the photomask of the first embodiment can be reli 
ably produced. 

Moreover, according to the first modification of the third 
embodiment, the patterning step for forming the opening 313 
is conducted prior to the patterning step for forming the mask 
pattern 311A. Therefore, the transparent substrate 310 can be 
etched using the light-shielding film 311 with the opening 
313 as a mask. This eliminates the need to conduct formation 
of the opening and etching of the Substrate Successively by 
using a resist pattern as in the case where the opening is 
formed after formation of the mask pattern (e.g., the third 
embodiment). Accordingly, production of the photomask of 
the first embodiment is facilitated. 

Moreover, according to the first modification of the third 
embodiment, the substrate is etched before the mask pattern 
311A is formed. Therefore, no problem will occur even if the 
light-shielding film region Surrounding the opening 313 is 
eliminated upon forming the mask pattern 311A due to mis 
alignment of the mask writing apparatus. The reason for this 
is as follows: in the case of the dimension with which the 
light-shielding film region may be eliminated by misalign 
ment, the effect of improving the light-shielding property is 
obtained even if the light-shielding pattern is formed only 
from the phase shifter. 

Advantages of the photomask producing method of the 
first modification of the third embodiment over the conven 
tional photomask producing method, i.e., advantages 
obtained by the characteristics of the mask enhancer, are the 
same as those of the third embodiment. 
Note that, although the first modification of the third 

embodiment uses quartz glass as a material of the transparent 
substrate 310, the present invention is not limited to this, and 
calcium fluoride or the like may alternatively be used. 

Although the first modification of the third embodiment 
uses a chromium compound as a material of the light-shield 
ing film 311, the present invention is not limited to this, and a 
metal Such as chromium, silicon or Zirconium, a compound 
thereof or the like may alternatively be used. 

In the first modification of the third embodiment, it is 
preferable that Wis0.4xw/NA, when the width of the opening 
313, i.e., the width of the mask enhancer, is (WxM). 

In the first modification of the third embodiment, it is 
preferable that Ls 0.8x) /NA, when the width of the mask 
pattern 311A including the opening 313, i.e., the width of the 
light-shielding pattern, is (LXM). In this case, it is preferable 
that: Ws(0.8xWNA)-L and WsL or Wis L-2E.; or 0.5x 
(((0.8xWNA)-L)/2)sWs 1.5x(((0.8x)/NA)-L)/2) and 
Ws, or Wis-2E. 

In the first modification of the third embodiment, the trans 
parent substrate 310 located under the opening 313 is 
removed down to such a depth that provides the light trans 
mitted therethrough with phase inversion of 180 degrees with 
respect to the exposure light. Alternatively, the transparent 
substrate 310 located under the opening 313 may be removed 
down to such a depth that provides the light transmitted 
therethrough with phase inversion of (170+360xn) to (190+ 
360xn) degrees (where n is an integer) with respect to the 
exposure light. 

In the first modification of the third embodiment, the entire 
transparent substrate 310 may be subjected to etching after 
the step of FIG.22(g) so that the transmittance can be adjusted 
with the transparent substrate 310 having an equivalent sur 
face condition both in the light-transmitting region and the 
mask enhancer portion. 
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Second Modification of Third Embodiment 
Hereinafter, a method for producing a photomask accord 

ing to the second modification of the third embodiment of the 
invention will be described with reference to the figures. 

Note that the second modification of the third embodiment 
is different from the third embodiment in the following point: 
in the third embodiment, the transparent substrate located 
under the opening is removed. However, in the second modi 
fication of the third embodiment, the transparent substrate 
located outside the mask pattern is removed. 

FIGS. 23(a) to (h) are cross-sectional views illustrating the 
steps of the photomask producing method of the second 
modification of the third embodiment, respectively. FIGS. 
23(i) to (m) are plan views corresponding to FIGS. 23(b), (c), 
(f), (g) and (h), respectively. 

First, as shown in FIG. 23(a), a light-shielding film 321 of, 
e.g., a chromium compound is deposited on a transparent 
Substrate 320 of e.g., quartz glass. Then, a resist is applied to 
the light-shielding film 321 to form a first resist film 322. 

Then, a patternis written on the first resist film322 by using 
a mask writing apparatus. The first resist film 322 is then 
developed, whereby a first resist pattern 322A covering the 
mask-pattern formation region is produced as shown in FIG. 
23(b) or FIG. 23(i). 

Thereafter, the light-shielding film 321 is etched using the 
first resist pattern 322A as a mask. As a result, as shown in 
FIG. 23(c) or FIG. 23(i), a mask pattern 321A of the light 
shielding film 321 is formed, and then the first resist pattern 
322A is removed. 
As shown in FIG. 23(d), the transparent substrate 320 is 

then etched using the mask pattern 321A. Thus, the transpar 
ent substrate 320 located outside the mask pattern 321A is 
removed down to such a depth that provides the light trans 
mitted therethrough with phase inversion of 180 degrees with 
respect to the exposure light. At this time, the transparent 
substrate 320 is etched so that the mask pattern 321A slightly 
overhangs the etched portion of the transparent substrate 320. 

Then, as shown in FIG. 23(e), a resist is applied to the 
transparent substrate 320 including the mask pattern 321A so 
as to form a second resist film 323. 

Thereafter, a pattern is written on the second resist film 323 
by using the mask writing apparatus. The second resist film 
323 is then developed, whereby a second resist pattern 323A 
having an opening in the mask-enhancer formation region is 
produced as shown in FIG. 23(f) or FIG. 23(k). 
As shown in FIG. 23(g) or FIG. 23(1), the mask pattern 

321A is then etched using the second resist pattern 323A as a 
mask. Thus, an opening 324 is formed in the mask pattern 
321A, and then the second resist pattern 323A is removed as 
shown in FIG. 23(h) or FIG. 23(m). 
AS has been described above, according to the second 

modification of the third embodiment, the mask pattern 321A 
is formed by patterning the light-shielding film 321 on the 
transparent substrate 320, and then the transparent substrate 
320 located outside the mask pattern 321A is etched. There 
after, the opening 324 located in the mask-enhancer forma 
tion region is formed in the mask pattern 321A. This enables 
the phase difference to be provided between the mask 
enhancer and the transparent substrate 320 located outside the 
mask pattern 321A, i.e., the light-transmitting region. There 
fore, the photomask of the first embodiment can beformed by 
setting the width of the opening 324, i.e., the width of the 
mask enhancer, such that the light-shielding property of the 
mask enhancer becomes at least about the same as that of the 
light-shielding film having the same width. 

Moreover, according to the second modification of the 
third embodiment, the patterning step for forming the mask 
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pattern 321A is conducted independently of the patterning 
step for forming the opening 324. This enables accurate 
dimensional control of the mask pattern 321A including the 
opening 324, i.e., the light-shielding pattern, as well as the 
mask enhancer, whereby the photomask of the first embodi 
ment can be reliably produced. 

Moreover, according to the second modification of the 
third embodiment, the phase difference is provided between 
the mask enhancer and the light-transmitting region by etch 
ing the transparent substrate 320 located outside the mask 
pattern 321A. Therefore, production of the photomask of the 
first embodiment is facilitated as compared to the case where 
the phase difference is provided by etching the transparent 
Substrate located under the opening having a small area (the 
third embodiment or the first modification thereof). 

Moreover, according to the second modification of the 
third embodiment, the substrate is etched before the opening 
324 is formed. Therefore, no problem will occur even if the 
light-shielding film region Surrounding the opening 324 is 
eliminated upon forming the opening 324 due to misalign 
ment of the mask writing apparatus. The reason for this is as 
follows: in the case of the dimension with which the light 
shielding film region may be eliminated by misalignment, the 
effect of improving the light-shielding property is obtained 
even if the light-shielding pattern is formed only from the 
phase shifter. 

Advantages of the photomask producing method of the 
second modification of the third embodiment over the con 
ventional photomask producing method, i.e., advantages 
obtained by the characteristics of the mask enhancer, are the 
same as those of the third embodiment. 
Note that, although the second modification of the third 

embodiment uses quartz glass as a material of the transparent 
substrate 320, the present invention is not limited to this, and 
calcium fluoride or the like may alternatively be used. 

Although the second modification of the third embodiment 
uses a chromium compound as a material of the light-shield 
ing film 321, the present invention is not limited to this, and a 
metal Such as chromium, silicon or Zirconium, a compound 
thereof or the like may alternatively be used. 

In the second modification of the third embodiment, it is 
preferable that Wis0.4xw/NA, when the width of the opening 
324, i.e., the width of the mask enhancer, is (WxM). 

In the second modification of the third embodiment, it is 
preferable that Ls 0.8x) /NA, when the width of the mask 
pattern 321A including the opening 324, i.e., the width of the 
light-shielding pattern, is (LXM). In this case, it is preferable 
that: Ws(0.8xWNA)-L and WsL or Wis L-2E.; or 0.5x 
(((0.8xWNA)-L)/2)sWs 1.5x(((0.8x)/NA)-L)/2) and 
Ws, or Wis-2E. 

In the second modification of the third embodiment, the 
transparent substrate 320 located outside the mask pattern 
321A is removed down to such a depth that provides the light 
transmitted therethrough with phase inversion of 180 degrees 
with respect to the exposure light. Alternatively, the transpar 
ent substrate 320 located outside the mask pattern 321A may 
be removed down to such a depth that provides the light 
transmitted therethrough with phase inversion of (170+360x 
n) to (190+360xn) degrees (where n is an integer) with respect 
to the exposure light. 

In the second modification of the third embodiment, the 
entire transparent substrate 320 may be subjected to etching 
after the step of FIG. 23(h) so that the transmittance can be 
adjusted with the transparent Substrate 320 having an equiva 
lent Surface condition both in the light-transmitting region 
and the mask enhancer portion. 
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Fourth Embodiment 

Hereinafter, a method for producing a photomask accord 
ing to the fourth embodiment of the invention will be 
described with reference to the figures. Note that the photo 
mask producing method of the fourth embodiment is a 
method for producing the photomask of the first embodiment, 
i.e., a photomask including an isolated light-shielding pattern 
formed from a light-shielding film region and a mask 
enhancer on a transparent Substrate. In the fourth embodi 
ment, NA is a numerical aperture of a reduction projection 
optical system of an aligner, w is a wavelength of exposure 
light, i.e., a light source, and M is a magnification of the 
reduction projection optical system of the aligner. 

FIGS. 24(a) to (g) are cross-sectional views illustrating the 
steps of the photomask producing method of the fourth 
embodiment, respectively. FIGS. 24(h) to (l) are plan views 
corresponding to FIGS. 24(b), (c), (e), (f) and (g), respec 
tively. 

First, as shown in FIG. 24(a), a phase shifter layer 401 of, 
e.g., an SOG (Spin on Glass) film is formed on a transparent 
Substrate 400 of e.g., quartz glass so as to have Such a thick 
ness that provides the light transmitted therethrough with 
phase inversion of 180 degrees with respect to the exposure 
light. Then, a light-shielding film 402 of, e.g., a chromium 
compound is deposited on the phase shifter layer 401, and a 
resist is applied to the light-shielding film 402 to form a first 
resist film 403. 

Then, a patternis written on the first resist film 403 by using 
a mask writing apparatus. The first resist film 403 is then 
developed, whereby a first resist pattern 403A covering the 
mask-pattern formation region is produced as shown in FIG. 
24(b) or FIG. 24(h). 

Thereafter, the light-shielding film 402 is etched using the 
first resist pattern 403A as a mask. As a result, as shown in 
FIG. 24(c) or FIG. 24(i), a mask pattern 402A of the light 
shielding film 402 is formed, and then the first resist pattern 
403A is removed. 
As shown in FIG. 24(d), a resist is applied to the transpar 

ent substrate 400 having the mask pattern 402A thereon, 
thereby forming a second resist film 404. 

Thereafter, a pattern is written on the second resist film 404 
by using the mask writing apparatus. The second resist film 
404 is then developed, whereby a second resist pattern 404A 
having an opening in the mask-enhancer formation region is 
produced as shown in FIG. 24(e) or FIG. 24(j). 
As shown in FIG. 24(f) or FIG. 24(k), the mask pattern 

402A and the phase shifter layer 401 are sequentially etched 
using the second resist pattern 404A as a mask, whereby an 
opening 405 is formed in the mask pattern 402A, as well as 
the phase shifter layer 401 located under the opening 405 is 
removed. The second resist pattern 404A is then removed as 
shown in FIG. 24(g) or FIG. 24(1). 
As has been described above, according to the fourth 

embodiment, the mask pattern 402A is formed by patterning 
the light-shielding film 402 on the phase shifter layer 401 
formed on the transparent substrate 400. Thereafter, the open 
ing 405 located in the mask-enhancer formation region is 
formed in the mask pattern 402A, and the phase shifter layer 
401 located under the opening 405 is then removed. This 
enables the phase difference to be provided between the mask 
enhancer and the transparent substrate 400 located outside the 
mask pattern 402A, i.e., the light-transmitting region. There 
fore, the photomask of the first embodiment can beformed by 
setting the width of the opening 405, i.e., the width of the 
mask enhancer, such that the light-shielding property of the 
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mask enhancer becomes at least about the same as that of the 
light-shielding film having the same width. 

Moreover, according to the fourth embodiment, the pat 
terning step for forming the mask pattern 402A is conducted 
independently of the patterning step for forming the opening 
405. This enables accurate dimensional control of the mask 
pattern 402A including the opening 405, i.e., the light-shield 
ing pattern, as well as the mask enhancer, whereby the pho 
tomask of the first embodiment can be reliably produced. 

Moreover, according to the fourth embodiment, the phase 
difference is provided between the light-transmitting region 
and the mask enhancer by removing the phase shifter layer 
401 located under the opening 405. This facilitates manage 
ment of the etching step as compared to the case where the 
phase difference is provided by etching the transparent Sub 
strate 400. Thus, the phase error is reduced as well as the 
phase shifter layer 401 with a vertical edge can be easily 
formed. 

Moreover, according to the fourth embodiment, the light 
shielding pattern is not necessarily be required for etching the 
phase shifter layer 401, as opposed to the case of etching the 
transparent substrate 400. Therefore, no problem will occur 
even if the light-shielding film region Surrounding the open 
ing 405 is eliminated upon forming the opening 405 due to 
misalignment of the mask writing apparatus. 

Advantages of the photomask producing method of the 
fourth embodiment over the conventional photomask produc 
ing method, i.e., advantages obtained by the characteristics of 
the mask enhancer, are the same as those of the third embodi 
ment. 

Note that, although the fourth embodiment uses quartz 
glass as a material of the transparent substrate 400, the present 
invention is not limited to this, and calcium fluoride or the like 
may alternatively be used. 

Although the fourth embodiment uses as a material of the 
phase shifter layer 401 an SOG film that provides the light 
transmitted therethrough with phase inversion of 180 degrees 
with respect to the exposure light, the present invention is not 
limited to this, and any transparent film that provides the light 
transmitted therethrough with phase inversion of (170+360x 
n) to (190+360xn) degrees (where n is an integer) with respect 
to the exposure light may be used. 

Although the fourth embodiment uses a chromium com 
pound as a material of the light-shielding film 402, the present 
invention is not limited to this, and a metal Such as chromium, 
silicon or Zirconium, a compound thereof or the like may 
alternatively be used. 

In the fourth embodiment, it is preferable that Wis0.4x / 
NA, when the width of the opening 405, i.e., the width of the 
mask enhancer, is (WxM). 

In the fourth embodiment, it is preferable that Ls 0.8x) / 
NA, when the width of the mask pattern 402A including the 
opening 405, i.e., the width of the light-shielding pattern, is 
(LXM). In this case, it is preferable that: Ws (0.8xWNA)-L 
and WsL or WisL-2E.; or 0.5x(((0.8x)/NA)-L)/2)s 
Wis 1.5x(((0.8x)/NA)-L)/2) and WsL or WsL-2E. 
First Modification of Fourth Embodiment 

Hereinafter, a method for producing a photomask accord 
ing to the first modification of the fourth embodiment of the 
invention will be described with reference to the figures. 

Note that the first modification of the fourth embodiment is 
different from the fourth embodiment in the following point: 
in the fourth embodiment, the phase shifter layer located 
under the opening is removed. However, in the first modifi 
cation of the fourth embodiment, the phase shifter layer 
located outside the mask pattern is removed. 
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FIGS. 25(a) to (h) are cross-sectional views illustrating the 
steps of the photomask producing method of the first modi 
fication of the fourth embodiment, respectively. FIGS. 25(i) 
to (n) are plan views corresponding to FIGS. 25(b), (c), (d), 
(f), (g) and (h), respectively. 

First, as shown in FIG. 25(a), a phase shifter layer 411 of, 
e.g., an SOG (Spin on Glass) film is formed on a transparent 
Substrate 410 of e.g., quartz glass so as to have Such a thick 
ness that provides the light transmitted therethrough with 
phase inversion of 180 degrees with respect to the exposure 
light. Then, a light-shielding film 412 of, e.g., a chromium 
compound is deposited on the phase shifter layer 411, and a 
resist is applied to the light-shielding film 412 to form a first 
resist film 413. 

Then, a patternis written on the first resist film 413 by using 
a mask writing apparatus. The first resist film 413 is then 
developed, whereby a first resist pattern 413A covering the 
mask-pattern formation region is produced as shown in FIG. 
25(b) or FIG. 25(i). 

Thereafter, the light-shielding film 412 is etched using the 
first resist pattern 413A as a mask. As a result, as shown in 
FIG. 25(c) or FIG. 25(f), a mask pattern 412A of the light 
shielding film 412 is formed, and then the first resist pattern 
413A is removed. 
As shown in FIG. 25(d) or FIG. 25(k), the phase shifter 

layer 411 is then etched using the mask pattern 412A, so that 
the phase shifter layer 411 located outside the mask pattern 
412A is removed. 
As shown in FIG. 25(e), a resist is then applied to the 

transparent Substrate 410 including the mask pattern 412A, 
thereby forming a second resist film 414. 

Thereafter, apatternis written on the second resist film 414 
by using the mask writing apparatus. The second resist film 
414 is then developed, whereby a second resist pattern 414A 
having an opening in the mask-enhancer formation region is 
formed as shown in FIG. 25(f) or FIG. 25(I). 
As shown in FIG. 25(g) or FIG. 25(m), the mask pattern 

412A is etched using the second resist pattern 414A as a 
mask, whereby an opening 415 is formed in the mask pattern 
412A. The second resist pattern 414A is then removed as 
shown in FIG. 25(h) or FIG. 25(n). 
As has been described above, according to the first modi 

fication of the fourth embodiment, the mask pattern 412A is 
formed by patterning the light-shielding film 412 on the phase 
shifter layer 411 formed on the transparent substrate 410. 
Thereafter, the phase shifter layer 411 located outside the 
mask pattern 412A is removed, and the opening 415 located 
in the mask enhancer formation region is then formed in the 
mask pattern 412A. This enables the phase difference to be 
provided between the mask enhancer and the transparent 
substrate 410 located outside the mask pattern 412A, i.e., the 
light-transmitting region. Therefore, the photomask of the 
first embodiment can be formed by setting the width of the 
opening 415, i.e., the width of the mask enhancer. Such that 
the light-shielding property of the mask enhancer becomes at 
least about the same as that of the light-shielding film having 
the same width. 

Moreover, according to the first modification of the fourth 
embodiment, the patterning step for forming the mask pattern 
412A is conducted independently of the patterning step for 
forming the opening 415. This enables accurate dimensional 
control of the mask pattern 412A including the opening 415. 
i.e., the light-shielding pattern, as well as the mask enhancer, 
whereby the photomask of the first embodiment can be reli 
ably produced. 

Moreover, according to the first modification of the fourth 
embodiment, the phase difference is provided between the 
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light-transmitting region and the mask enhancer by removing 
the phase shifter layer 411 located outside the mask pattern 
412A. This facilitates management of the etching step as 
compared to the case where the phase difference is provided 
by etching the transparent substrate 410. Thus, the phase error 
is reduced as well as the phase shifter layer 411 with a vertical 
edge can be easily formed. Moreover, production of the pho 
tomask of the first embodiment is facilitated as compared to 
the case where the phase difference is provided by removing 
the phase shifter layer 411 located under the opening 415 
having a small area. Moreover, the phase shifter layer 411 is 
etched using the mask pattern 412A in which the opening 415 
has not yet been formed. This eliminates the need to conduct 
formation of the mask pattern and etching of the shifter layer 
Successively by using a resist pattern as in the case where the 
mask pattern is formed after formation of the opening. 
Accordingly, production of the photomask of the first 
embodiment is facilitated. 

Advantages of the photomask producing method of the 
first modification of the fourth embodiment over the conven 
tional photomask producing method, i.e., advantages 
obtained by the characteristics of the mask enhancer, are the 
same as those of the third embodiment. 

Note that, although the first modification of the fourth 
embodiment uses quartz glass as a material of the transparent 
substrate 410, the present invention is not limited to this, and 
calcium fluoride or the like may alternatively be used. 

Although the first modification of the fourth embodiment 
uses as a material of the phase shifter layer 411 an SOG film 
that provides the light transmitted therethrough with phase 
inversion of 180 degrees with respect to the exposure light, 
the present invention is not limited to this, and any transparent 
film that provides the light transmitted therethrough with 
phase inversion of (170+360xn) to (190+360xn) degrees 
(where n is an integer) with respect to the exposure light may 
be used. 

Although the first modification of the fourth embodiment 
uses a chromium compound as a material of the light-shield 
ing film 412, the present invention is not limited to this, and a 
metal Such as chromium, silicon or Zirconium, a compound 
thereof or the like may alternatively be used. 

In the first modification of the fourth embodiment, it is 
preferable that Wis0.4xw/NA, when the width of the opening 
415, i.e., the width of the mask enhancer, is (WxM). 

In the first modification of the fourth embodiment, it is 
preferable that Ls 0.8x) /NA, when the width of the mask 
pattern 412A including the opening 415, i.e., the width of the 
light-shielding pattern, is (LXM). In this case, it is preferable 
that: Ws(0.8xWNA)-L and WsL or Wis L-2E.; or 0.5x 
(((0.8xWNA)-L)/2)sWs 1.5x(((0.8x)/NA)-L)/2) and 
Ws, or Wis-2E. 

Second Modification of Fourth Embodiment 

Hereinafter, a method for producing a photomask accord 
ing to the second modification of the fourth embodiment of 
the invention will be described with reference to the figures. 

Note that the second modification of the fourth embodi 
ment is different from the fourth embodiment in the following 
point: in the fourth embodiment, the patterning step for form 
ing the opening is conducted after the patterning step for 
forming the mask pattern, and the phase shifter layer located 
under the opening is removed. However, in the second modi 
fication of the fourth embodiment, the patterning step for 
forming the opening is conducted before the patterning step 
for forming the mask pattern, and the phase shifter layer 
located outside the mask pattern is removed. 
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FIGS. 26(a) to (g) are cross-sectional views illustrating the 
steps of the photomask producing method of the second 
modification of the fourth embodiment, respectively. FIGS. 
26(h) to (k) are plan views corresponding to FIGS. 26(b), (c), 
(e) and (g), respectively. 

First, as shown in FIG. 26(a), a phase shifter layer 421 of, 
e.g., an SOG film is formed on a transparent substrate 420 of 
e.g., quartz glass So as to have such a thickness that provides 
the light transmitted therethrough with phase inversion of 180 
degrees with respect to the exposure light. Then, a light 
shielding film 422 of, e.g., a chromium compound is depos 
ited on the phase shifter layer 421, and a resist is applied to the 
light-shielding film 422 to form a first resist film 423. 

Then, a patternis written on the first resist film 423 by using 
a mask writing apparatus. The first resist film 423 is then 
developed, whereby a first resist pattern 423A having an 
opening in the mask-enhancer formation region is formed as 
shown in FIG. 26(b) or FIG. 26(h). 

Thereafter, the light-shielding film 422 is etched using the 
first resist pattern 423A as a mask. As a result, as shown in 
FIG. 26(c) or FIG. 26(i), an opening 424 is formed in the 
light-shielding film 422, and then the first resist pattern 423A 
is removed. 
As shown in FIG. 26(d), a resist is then applied to the 

light-shielding film 422 including the opening 424, thereby 
forming a second resist film 425. 

Thereafter, a pattern is written on the second resist film 425 
by using the mask writing apparatus. The second resist film 
425 is then developed, whereby a second resist pattern 425A 
covering the mask-pattern formation region is produced as 
shown in FIG. 26(e) or FIG. 26(i). 
As shown in FIG. 26(f), the light-shielding film 422 and the 

phase shifter layer 421 are sequentially etched using the sec 
ond resist pattern 425A as a mask. As a result, a mask pattern 
422A formed from the light-shielding film 422 and having the 
opening 424 is formed, as well as the phase shifter layer 421 
located outside the mask pattern 422A is removed. As shown 
in FIG. 26(g) or FIG. 26(k), the second resist pattern 425A is 
then removed. 
AS has been described above, according to the second 

modification of the fourth embodiment, the opening 424 
located in the mask-enhancer formation region is formed in 
the light-shielding film 422 on the phase shifter layer 421 
formed on the transparent substrate 420. Thereafter, the mask 
pattern 422A having the opening 424 is formed by patterning 
the light-shielding film 422, and the phase shifter layer 421 
located outside the mask pattern 422A is then removed. This 
enables the phase difference to be provided between the mask 
enhancer and the transparent substrate 420 located outside the 
mask pattern 422A, i.e., the light-transmitting region. There 
fore, the photomask of the first embodiment can beformed by 
setting the width of the opening 424, i.e., the width of the 
mask enhancer, such that the light-shielding property of the 
mask enhancer becomes at least about the same as that of the 
light-shielding film having the same width. 

Moreover, according to the second modification of the 
fourth embodiment, the patterning step for forming the mask 
pattern 422A is conducted independently of the patterning 
step for forming the opening 424. This enables accurate 
dimensional control of the mask pattern 422A including the 
opening 424, i.e., the light-shielding pattern, as well as the 
mask enhancer, whereby the photomask of the first embodi 
ment can be reliably produced. 

Moreover, according to the second modification of the 
fourth embodiment, the phase difference is provided between 
the light-transmitting region and the mask enhancer by 
removing the phase shifter layer 421 located outside the mask 
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pattern 422A. This facilitates management of the etching step 
as compared to the case where the phase difference is pro 
vided by etching the transparent substrate 420. Thus, the 
phase error is reduced as well as the phase shifter layer 421 
with a vertical edge can be easily formed. Moreover, produc 
tion of the photomask of the first embodiment is facilitated as 
compared to the case where the phase difference is provided 
by removing the phase shifter layer 421 located under the 
opening 424 having a small area. 

Moreover, according to the second modification of the 
fourth embodiment, the light-shielding pattern is not neces 
sarily be required for etching the phase shifter layer 421, as 
opposed to the case of etching the transparent Substrate 420. 
Therefore, no problem will occur even if the light-shielding 
film region Surrounding the opening 424 is eliminated upon 
forming the mask pattern 422A due to misalignment of the 
mask writing apparatus. 

Advantages of the photomask producing method of the 
second modification of the fourth embodiment over the con 
ventional photomask producing method, i.e., advantages 
obtained by the characteristics of the mask enhancer, are the 
same as those of the third embodiment. 

Note that, although the second modification of the fourth 
embodiment uses quartz glass as a material of the transparent 
substrate 420, the present invention is not limited to this, and 
calcium fluoride or the like may alternatively be used. 

Although the second modification of the fourth embodi 
ment uses as a material of the phase shifter layer 421 an SOG 
film that provides the light transmitted therethrough with 
phase inversion of 180 degrees with respect to the exposure 
light, the present invention is not limited to this, and any 
transparent film that provides the light transmitted there 
through with phase inversion of (170+360xn) to (190+360x 
n) degrees (where n is an integer) with respect to the exposure 
light may be used. 

Although the second modification of the fourth embodi 
ment uses a chromium compound as a material of the light 
shielding film 422, the present invention is not limited to this, 
and a metal Such as chromium, silicon or Zirconium, a com 
pound thereof or the like may alternatively be used. 

In the second modification of the fourth embodiment, it is 
preferable that Wis0.4xw/NA, when the width of the opening 
424, i.e., the width of the mask enhancer, is (WxM). 

In the second modification of the fourth embodiment, it is 
preferable that Ls 0.8x) /NA, when the width of the mask 
pattern 422A including the opening 424, i.e., the width of the 
light-shielding pattern, is (LXM). In this case, it is preferable 
that: Ws(0.8xWNA)-L and WsL or Wis L-2E.; or 0.5x 
(((0.8xWNA)-L)/2)sWs 1.5x(((0.8x)/NA)-L)/2) and 
Ws, or Wis-2E. 

Third Modification of Fourth Embodiment 

Hereinafter, a method for producing a photomask accord 
ing to the third modification of the fourth embodiment of the 
invention will be described with reference to the figures. 

Note that the third modification of the fourth embodiment 
is different from the fourth embodiment in the following 
point: in the fourth embodiment, the patterning step for form 
ing the opening is conducted after the patterning step for 
forming the mask pattern. However, in the third modification 
of the fourth embodiment, the patterning step for forming the 
opening is conducted before the patterning step for forming 
the mask pattern. 

FIGS. 27(a) to (g) are cross-sectional views illustrating the 
steps of the photomask producing method of the third modi 
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fication of the fourth embodiment, respectively. FIGS. 27(h) 
to (l) are plan views corresponding to FIGS. 27(b), (c), (d), (f) 
and (g), respectively. 

First, as shown in FIG. 27(a), a phase shifter layer 431 of, 
e.g., an SOG film is formed on a transparent substrate 430 of 
e.g., quartz glass So as to have such a thickness that provides 
the light transmitted therethrough with phase inversion of 180 
degrees with respect to the exposure light. Then, a light 
shielding film 432 of, e.g., a chromium compound is depos 
ited on the phase shifter layer 431, and a resist is applied to the 
light-shielding film 432 to form a first resist film 433. 

Then, a patternis written on the first resist film 433 by using 
a mask writing apparatus. The first resist film 433 is then 
developed, whereby a first resist pattern 433A having an 
opening in the mask-enhancer formation region is formed as 
shown in FIG. 27(b) or FIG. 27(h). 

Thereafter, the light-shielding film 432 is etched using the 
first resist pattern 433A as a mask. As a result, as shown in 
FIG. 27(c) or FIG. 27(i), an opening 434 is formed in the 
light-shielding film 432, and then the first resist pattern 433A 
is removed. 
As shown in FIG. 27(d) or FIG. 27(i), the phase shifter 

layer 431 is then etched using the light-shielding film 432 
having the opening 434 as a mask, so that the phase shifter 
layer 431 located outside the opening 434 is removed. 
As shown in FIG. 27(e), a resist is then applied to the 

light-shielding film 432 including the opening 434, thereby 
forming a second resist film 435. 

Thereafter, a pattern is written on the second resist film 435 
by using the mask writing apparatus. The second resist film 
435 is then developed, whereby a second resist pattern 435A 
covering the mask-pattern formation region is produced as 
shown in FIG. 27(f) or FIG. 27(k). 
The light-shielding film 432 is then etched using the sec 

ond resist pattern 435A as a mask. As a result, as shown in 
FIG. 27(g) or FIG.27(1), the mask pattern 432A formed from 
the light-shielding film 432 and having the opening 434 is 
formed, and then the second resist pattern 435A is removed. 
As has been described above, according to the third modi 

fication of the fourth embodiment, the opening 434 located in 
the mask-enhancer formation region is formed in the light 
shielding film 432 on the phase shifter layer 431 formed on 
the transparent substrate 430. Thereafter, the phase shifter 
layer 431 located under the opening 434 is removed, and the 
mask pattern 432A having the opening 434 is then formed by 
patterning the light-shielding film 432. This enables the phase 
difference to be provided between the mask enhancer and the 
transparent substrate 430 located outside the mask pattern 
432A, i.e., the light-transmitting region. Therefore, the pho 
tomask of the first embodiment can be formed by setting the 
width of the opening 434, i.e., the width of the maskenhancer, 
Such that the light-shielding property of the mask enhancer 
becomes at least about the same as that of the light-shielding 
film having the same width. 

Moreover, according to the third modification of the fourth 
embodiment, the patterning step for forming the mask pattern 
432A is conducted independently of the patterning step for 
forming the opening 434. This enables accurate dimensional 
control of the mask pattern 432A including the opening 434. 
i.e., the light-shielding pattern, as well as the mask enhancer, 
whereby the photomask of the first embodiment can be reli 
ably produced. 

Moreover, according to the third modification of the fourth 
embodiment, the phase difference is provided between the 
light-transmitting region and the mask enhancer by removing 
the phase shifter layer 431 located outside the opening 434. 
This facilitates management of the etching step as compared 
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to the case where the phase difference is provided by etching 
the transparent substrate 430. Thus, the phase erroris reduced 
as well as the phase shifter layer 431 with a vertical edge can 
be easily formed. 

Moreover, according to the third modification of the fourth 
embodiment, the patterning step for forming the opening 434 
is conducted before the patterning step for forming the mask 
pattern 432A. Therefore, the phase shifter layer 431 can be 
etched using the light-shielding film 432 having the opening 
434 as a mask. This eliminates the need to conduct formation 
of the opening and etching of the Substrate Successively by 
using a resist pattern as in the case where the opening is 
formed after formation of the mask pattern (e.g., the fourth 
embodiment). Accordingly, production of the photomask of 
the first embodiment is facilitated. 

Advantages of the photomask producing method of the 
third modification of the fourth embodiment over the conven 
tional photomask producing method, i.e., advantages 
obtained by the characteristics of the mask enhancer, are the 
same as those of the third embodiment. 
Note that, although the third modification of the fourth 

embodiment uses quartz glass as a material of the transparent 
substrate 430, the present invention is not limited to this, and 
calcium fluoride or the like may alternatively be used. 

Although the third modification of the fourth embodiment 
uses as a material of the phase shifter layer 431 an SOG film 
that provides the light transmitted therethrough with phase 
inversion of 180 degrees with respect to the exposure light, 
the present invention is not limited to this, and any transparent 
film that provides the light transmitted therethrough with 
phase inversion of (170+360xn) to (190+360xn) degrees 
(where n is an integer) with respect to the exposure light may 
be used. 

Although the third modification of the fourth embodiment 
uses a chromium compound as a material of the light-shield 
ing film 432, the present invention is not limited to this, and a 
metal Such as chromium, silicon or Zirconium, a compound 
thereof or the like may alternatively be used. 

In the third modification of the fourth embodiment, it is 
preferable that Wis0.4xw/NA, when the width of the opening 
434, i.e., the width of the mask enhancer, is (WxM). 

In the third modification of the fourth embodiment, it is 
preferable that Ls 0.8x) /NA, when the width of the mask 
pattern 422A including the opening 434, i.e., the width of the 
light-shielding pattern, is (LXM). In this case, it is preferable 
that: Ws(0.8xWNA)-L and WsL or Wis L-2E.; or 0.5x 
(((0.8xWNA)-L)/2)sWs 1.5x(((0.8x)/NA)-L)/2) and 
Ws, or Wis-2E. 

Fifth Embodiment 

Hereinafter, a method for producing a photomask accord 
ing to the fifth embodiment of the invention will be described 
with reference to the figures. Note that the photomask pro 
ducing method of the fifth embodiment is a method for pro 
ducing the photomask of the first embodiment, i.e., a photo 
mask including an isolated light-shielding pattern formed 
from a light-shielding film region and a mask enhancer on a 
transparent substrate. In the fifth embodiment, NA is a 
numerical aperture of a reduction projection optical system of 
an aligner, w is a wavelength of exposure light, i.e., a light 
Source, and M is a magnification of the reduction projection 
optical system of the aligner. 

FIGS. 28(a) to (g) are cross-sectional views illustrating the 
steps of the photomask producing method of the fifth embodi 
ment, respectively. FIGS. 28(h) to (l) are plan views corre 
sponding to FIGS. 28(b), (c), (e), (f) and (g), respectively. 
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First, as shown in FIG. 28(a), a light-shielding film 501 of, 
e.g., a chromium compound is deposited on a transparent 
Substrate 500 of e.g., quartz glass. Then, a resist is applied to 
the light-shielding film 501 to form a first resist film 502. 

Then, a patternis written on the first resist film 502 by using 
a mask writing apparatus. The first resist film 502 is then 
developed, whereby a first resist pattern 502A having an 
opening in the mask-enhancer formation region is formed as 
shown in FIG. 28(b) or FIG. 28(h). 

Thereafter, the light-shielding film 501 is etched using the 
first resist pattern 502A as a mask. As a result, as shown in 
FIG. 28(c) or FIG. 28(i), an opening 503 is formed in the 
light-shielding film 501, and then the first resist pattern 502A 
is removed. 
As shown in FIG. 28(d), a phase shifter layer 504 of, e.g., 

an SOG film is formed on the light-shielding film 501 includ 
ing the opening 503 so as to have such a thickness that 
provides the light transmitted therethrough with phase inver 
sion of 180 degrees with respect to the exposure light. Then, 
a resist is applied to the phase shifter layer 504 to form a 
Second resist film 505. 

Then, a pattern is written on the second resist film 505 by 
using a mask writing apparatus. The second resist film 505 is 
then developed, whereby a second resist pattern 505A cover 
ing the mask-pattern formation region is produced as shown 
in FIG. 28(e) or FIG. 28(i). 

Thereafter, the phase shifter layer 504 is etched using the 
second resist pattern 505A as a mask. As a result, as shown in 
FIG. 28(f) or FIG. 28(k), the phase shifter layer 504 located 
outside the mask-pattern formation region is removed, and 
then the second resist pattern 505A is removed. 
As shown in FIG. 28(g) or FIG. 28(1), the light-shielding 

film 501 is etched using the patterned phase shifter layer 504 
as a mask, whereby a mask pattern 501A formed from the 
light-shielding film 501 and having the opening 503 is 
formed. At this time, the mask pattern 501A including the 
opening 503 is covered with the phase shifter layer 504. 
As has been described above, according to the fifth 

embodiment, the opening 503 located in the mask-enhancer 
formation region is formed in the light-shielding film 501 on 
the transparent substrate 500, and then the phase shifter layer 
504 is formed on the transparent substrate 500. Thereafter, the 
phase shifter layer 504 located outside the mask-pattern for 
mation region is removed. The light-shielding film 501 is then 
patterned so as to form the mask pattern 501A having the 
opening 503 and covered with the phase shifter layer 504. 
This enables the phase difference to be provided between the 
mask enhancer and the transparent substrate 500 located out 
side the mask pattern 501A, i.e., the light-transmitting region. 
Therefore, the photomask of the first embodiment can be 
formed by setting the width of the opening 503, i.e., the width 
of the mask enhancer, such that the light-shielding property of 
the mask enhancer becomes at least about the same as that of 
the light-shielding film having the same width. 

Moreover, according to the fifth embodiment, the pattern 
ing step for forming the mask pattern 501A is conducted 
independently of the patterning step for forming the opening 
503. This enables accurate dimensional control of the mask 
pattern 501A including the opening 503, i.e., the light-shield 
ing pattern, as well as the mask enhancer, whereby the pho 
tomask of the first embodiment can be reliably produced. 

Moreover, according to the fifth embodiment, the phase 
difference is provided between the light-transmitting region 
and the mask enhancer by removing the phase shifter layer 
504 located outside the mask pattern 501A. This facilitates 
management of the etching step as compared to the case 
where the phase difference is provided by etching the trans 
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parent substrate 500. Thus, the phase error is reduced as well 
as the phase shifter layer 504 with a vertical edge can be easily 
formed. 

Moreover, according to the fifth embodiment, if defects are 
produced in the step of patterning the phase shifter layer 504, 
it is possible to repair the defects by forming the phase shifter 
layer 504 again. Therefore, the steps earlier than the step of 
forming the phase shifter layer need not be repeated, improv 
ing the throughput. 

Advantages of the photomask producing method of the 
fifth embodiment over the conventional photomask produc 
ing method, i.e., advantages obtained by the characteristics of 
the mask enhancer, are the same as those of the third embodi 
ment. 

Note that, although the fifth embodiment uses quartz glass 
as a material of the transparent substrate 500, the present 
invention is not limited to this, and calcium fluoride or the like 
may alternatively be used. 

Although the fifth embodiment uses a chromium com 
pound as a material of the light-shielding film 501, the present 
invention is not limited to this, and a metal Such as chromium, 
silicon or Zirconium, a compound thereof or the like may 
alternatively be used. 

Although the fifth embodiment uses as a material of the 
phase shifter layer 504 an SOG film that provides the light 
transmitted therethrough with phase inversion of 180 degrees 
with respect to the exposure light, the present invention is not 
limited to this, and any transparent film that provides the light 
transmitted therethrough with phase inversion of (170+360x 
n) to (190+360xn) degrees (where n is an integer) with respect 
to the exposure light may be used. 

In the fifth embodiment, it is preferable that Wis0.4xw/NA, 
when the width of the opening 503, i.e., the width of the mask 
enhancer, is (WxM). 

In the fifth embodiment, it is preferable that Ls 0.8xWNA, 
when the width of the mask pattern 501A including the open 
ing 503, i.e., the width of the light-shielding pattern, is 
(LXM). In this case, it is preferable that: Ws (0.8xWNA)-L 
and WsL or WisL-2E.; or 0.5x(((0.8x)/NA)-L)/2)s 
Wis 1.5x(((0.8x)/NA)-L)/2) and WsL or WsL-2E. 
Modification of Fifth Embodiment 

Hereinafter, a method for producing a photomask accord 
ing to a modification of the fifth embodiment of the invention 
will be described with reference to the figures. 

Note that the modification of the fifth embodiment is dif 
ferent from the fifth embodiment in the following point: in the 
fifth embodiment, the patterning step for forming the opening 
is conducted before the patterning step for forming the mask 
pattern, and the phase shifter layer located outside the mask 
pattern is removed. However, in the first modification of the 
fifth embodiment, the patterning step for forming the opening 
is conducted after the patterning step for forming the mask 
pattern, and the phase shifter layer located under the opening 
is removed. 

FIGS. 29(a) to (g) are cross-sectional views illustrating the 
steps of the photomask producing method of the modification 
of the fifth embodiment, respectively. FIGS. 29(h) to (l) are 
plan views corresponding to FIGS. 29(b), (c), (e), (f) and (g), 
respectively. 

First, as shown in FIG. 29(a), a light-shielding film 511 of, 
e.g., a chromium compound is deposited on a transparent 
Substrate 510 of e.g., quartz glass. Then, a resist is applied to 
the light-shielding film 511 to form a first resist film 512. 

Then, a patternis written on the first resist film 512 by using 
a mask writing apparatus. The first resist film 512 is then 



US 7,468,240 B2 
43 

developed, whereby a first resist pattern 512A covering the 
mask-pattern formation region is produced as shown in FIG. 
29(b) or FIG. 29(h). 

Thereafter, the light-shielding film 511 is etched using the 
first resist pattern 512A as a mask. As a result, as shown in 
FIG. 29(c) or FIG. 29(i), the mask pattern 511A of the light 
shielding film 511 is formed, and then the first resist pattern 
512A is removed. 
As shown in FIG. 29(d), a phase shifter layer 513 of, e.g., 

an SOG film is formed on the transparent substrate 510 
including the mask pattern 511A so as to have Such a thick 
ness that provides the light transmitted therethrough with 
phase inversion of 180 degrees with respect to the exposure 
light. Then, a resist is applied to the phase shifter layer 513 to 
form a second resist film 514. 

Then, a pattern is written on the second resist film 514 by 
using a mask writing apparatus. The second resist film 514 is 
then developed, whereby a second resist pattern 514A having 
an opening in the mask-enhancer formation region is formed 
as shown in FIG. 29(e) or FIG. 29(i). 

Thereafter, the phase shifter layer 513 is etched using the 
second resist pattern 514A as a mask. As a result, as shown in 
FIG.29(f) or FIG.29(k), the phase shifter layer 513 located in 
the mask-enhancer formation region is removed, and then the 
second resist pattern 514A is removed. 
As shown in FIG. 29(g) or FIG. 29(I), the mask pattern 

511A is etched using the patterned phase shifter layer 513 as 
a mask, whereby an opening 515 is formed in the mask 
pattern 511A. 
AS has been described above, according to the modification 

of the fifth embodiment, the light-shielding film 511 on the 
transparent substrate 510 is patterned so as to form the mask 
pattern 511A. Thereafter, the phase shifter layer 513 is 
formed on the transparent substrate 510, and then the phase 
shifter layer 513 located in the mask-enhancer formation 
region is removed. Then, the opening 515 located in the 
mask-enhancer formation region is formed in the mask pat 
tern 511A. This enables the phase difference to be provided 
between the mask enhancer and the transparent substrate 510 
located outside the mask pattern 511A, i.e., the light-trans 
mitting region. Therefore, the photomask of the first embodi 
ment can be formed by setting the width of the opening 515, 
i.e., the width of the mask enhancer, such that the light 
shielding property of the mask enhancer becomes at least 
about the same as that of the light-shielding film having the 
same width. 

Moreover, according to the modification of the fifth 
embodiment, the patterning step for forming the mask pattern 
511A is conducted independently of the patterning step for 
forming the opening 515. This enables accurate dimensional 
control of the mask pattern 511A including the opening 515, 
i.e., the light-shielding pattern, as well as the mask enhancer, 
whereby the photomask of the first embodiment can be reli 
ably produced. 

Moreover, according to the modification of the fifth 
embodiment, the phase difference is provided between the 
light-transmitting region and the mask enhancer by removing 
the phase shifter layer 513 located in the mask-enhancer 
formation region. This facilitates management of the etching 
step as compared to the case where the phase difference is 
provided by etching the transparent substrate 510. Thus, the 
phase error is reduced as well as the phase shifter layer 513 
with a vertical edge can be easily formed. 

Moreover, according to the modification of the fifth 
embodiment, if defects are produced in the step of patterning 
the phase shifter layer 513, it is possible to repair the defects 
by forming the phase shifter layer 513 again. Therefore, the 
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steps earlier than the step of forming the phase shifter layer 
need not be repeated, improving the throughput. 

Advantages of the photomask producing method of the 
modification of the fifth embodiment over the conventional 
photomask producing method, i.e., advantages obtained by 
the characteristics of the mask enhancer, are the same as those 
of the third embodiment. 

Note that, although the modification of the fifth embodi 
ment uses quartz glass as a material of the transparent Sub 
strate 510, the present invention is not limited to this, and 
calcium fluoride or the like may alternatively be used. 

Although the modification of the fifth embodiment uses a 
chromium compound as a material of the light-shielding film 
511, the present invention is not limited to this, and a metal 
Such as chromium, silicon or Zirconium, a compound thereof 
or the like may alternatively be used. 

Although the modification of the fifth embodiment uses as 
a material of the phase shifter layer 513 an SOG film that 
provides the light transmitted therethrough with phase inver 
sion of 180 degrees with respect to the exposure light, the 
present invention is not limited to this, and any transparent 
film that provides the light transmitted therethrough with 
phase inversion of (170+360xn) to (190+360xn) degrees 
(where n is an integer) with respect to the exposure light may 
be used. 

In the modification of the fifth embodiment, it is preferable 
that Wis0.4x /NA, when the width of the opening 515, i.e., 
the width of the mask enhancer, is (WxM). 

In the modification of the fifth embodiment, it is preferable 
that Ls 0.8x) /NA, when the width of the mask pattern 511A 
including the opening 515, i.e., the width of the light-shield 
ing pattern, is (LXM). In this case, it is preferable that: 
Ws (0.8x/NA)-L and WsL or WisL-2E.; or 0.5x(((0.8x)/ 
NA)-L)/2)sWs 1.5x(((0.8x)/NA)-L)/2) and WsL or 
Wis-2E. 

Sixth Embodiment 

Hereinafter, a method for producing pattern layout and a 
method for producing mask-writing data according to the 
sixth embodiment of the invention will be described with 
reference to the figures. Note that the pattern-layout produc 
ing method and the mask-writing data producing method of 
the sixth embodiment are the pattern-layout producing 
method and mask-writing data producing method for produc 
ing a photomask having a mask-enhancer structure on the 
assumption that the patterning method using the photomask 
of the first embodiment, i.e., a photomask having the mask 
enhancer structure (the patterning method of the second 
embodiment) is used. In the sixth embodiment, NA is a 
numerical aperture of a reduction projection optical system of 
an aligner, w is a wavelength of exposure light, i.e., a light 
Source, and M is a magnification of the reduction projection 
optical system of the aligner. 

FIG. 30 is a flowchart illustrating the pattern-layout pro 
ducing method and the mask-writing data producing method 
of the sixth embodiment. 

First, the pattern-layout producing method will be 
described. 

In step S1, the pattern layout of a mask pattern (light 
shielding pattern) to be formed on a photomask is produced. 

In step S2, a line pattern having a width LXM equal to or 
smaller than (QxWNA)xM (where Q is a prescribed value 
equal to or smaller than 0.8) is extracted from the pattern 
layout produced in step S1. At this time, a pattern end, pattern 
corner or another required portion may additionally be 
extracted from the pattern layout. 
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In step S3, the inside of the line pattern, pattern end, pattern 
corner or the like thus extracted in step S2 is determined as a 
position where a pattern representing a mask enhancer (here 
inafter, sometimes simply referred to as a mask enhancer) is 
to be provided. 

In step S4, the dimension of each mask enhancer to be 
provided at the corresponding position determined in step S3 
is set based on the dimension of the line pattern or the like 
containing the corresponding mask enhancer. Provided that 
the line pattern of interest has a width LXM and the mask 
enhancer provided inside this line pattern has a width WXM, 
the value W is set to ((0.8x)/NA)-L)/2 (where L2(0.8x)/ 
NA)). For example, when the distance between the mask 
enhancers is Smaller than a prescribed value (e.g., the mini 
mum distance required to form adjacent mask enhancers 
separately from each other), or when the mask enhancers 
overlap each other, the mask enhancers are connected 
together. Moreover, the mask enhancer that is Smaller than a 
prescribed dimension (e.g., the resolution of a mask writing 
apparatus) is eliminated. 

Hereinafter, the mask-writing data producing method will 
be described. 

In step S5, the dimension of the mask enhancers is adjusted 
so that a pattern having a desired dimension can beformed by 
exposure using a mask pattern having the pattern layout with 
the mask-enhancer arrangement of step S4. 

In step S6, mask-pattern formation data corresponding to 
the mask pattern, mask-enhancer formation data correspond 
ing to the pattern representing the mask enhancers, and light 
shielding film region formation data corresponding to the 
remaining pattern, i.e., the mask pattern excluding the pat 
terns representing the mask enhancers, are output based on 
the pattern layout dimensionally adjusted in step S5. 

Hereinafter, steps S1 to S4 (the pattern-layout producing 
stage) will be specifically described with reference to FIGS. 
31(a) to (d). 

FIG. 31(a) shows an example of the pattern layout pro 
duced in step S1. 

FIG.31(b) shows the line patterns, pattern end and pattern 
corner extracted from the pattern layout of FIG.31(a) in step 
S2. As shown in FIG.31(b), line patterns 601 and 602 having 
a width LXM equal to or smaller than (0.8x) /NA)xM, a 
pattern end 603, and a pattern corner 604 are extracted from 
the pattern layout 600. 

FIG. 31(c) shows the mask enhancers that are provided 
inside the line patterns and the like of FIG.31(b) in step S3. As 
shown in FIG. 31(c), line mask enhancers 611a are provided 
in the center of the line pattern 601, as well as end mask 
enhancers 611b are respectively provided at the ends of the 
line pattern 601. Moreover, a line mask enhancer 612 is 
provided in the center of the line pattern 602, end mask 
enhancers 613 are provided at the pattern end 603, and a 
corner mask enhancer 614 is provided in the pattern corner 
604. 

FIG. 31(d) shows the pattern layout in which the mask 
enhancers are arranged with a dimension as determined in 
step S4 based on the dimension of the line patterns and the 
like shown in FIG. 31(c). 
More specifically, the line mask enhancers 611a and 612 

having a width WXM defined by, e.g., W=((0.8x)/NA)-L)/2 
are respectively provided in the center of the line patterns 601 
and 602 of the pattern layout 600 which have a width LXM 
equal to or smaller than (0.8x)/NA)xM. It should be noted 
that, in the case where L is smaller than (0.8x)/NA)/3, or in 
the case where a mask enhancer, i.e., an opening, having a 
width defined by W=(0.8x/NA)-L)/2 is to be produced but 
the line width of a light-shielding film region Surrounding the 
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opening would become Smaller than a prescribed minimum 
possible line width to be produced by the mask writing appa 
ratus, the line width of the light-shielding film region Sur 
rounding the mask enhancer is set to the aforementioned 
prescribed minimum possible line width, and the width of the 
mask enhancer is determined by Subtracting the prescribed 
minimum possible line width from the width of the line pat 
tern. In the case where the width of the mask enhancer is 
Smaller than the minimum dimension required to produce the 
mask enhancer inside the light-shielding region, i.e., the 
aforementioned prescribed minimum possible line width, 
that mask enhancer is eliminated. 

Note that, in the case of using the photomask producing 
methods of the third to fifth embodiments (including the 
modifications thereof), the aforementioned prescribed mini 
mum possible line width corresponds to about an alignment 
margin of the mask writing apparatus. 

In the case of using the photomask producing methods of 
the first and second modifications of the third embodiment, 
the line pattern of L-(0.8x) /NA)/3 would provide the same 
effect as that of the line pattern having the mask enhancer 
structure, even if it is formed only from the phase shifter 
without any light-shielding film region. 

In the ends of the line pattern 601, pattern end 603 and 
pattern corner 604 of the pattern layout 600, the end mask 
enhancers 611b, 613 and the corner mask enhancer 614 with 
four sides of (0.8x)/NA)/3xM are provided such that each 
mask enhancer is Surrounded by a light-shielding film region 
having at least the aforementioned minimum possible line 
width. In the case where the mask enhancers thus provided 
overlap each other, or in the case where the gap between the 
mask enhancers is smaller than the minimum distance 
required to form the mask enhancers separately from each 
other, the mask enhancers are connected together. If the 
dimension of the resultant mask enhancer becomes larger 
than (0.5xw/NA)xM, the mask enhancer is reconfigured so as 
to have a dimension of (0.5xWNA)xM or less. 
As has been described above, steps S1 to S4 enables pro 

duction of the pattern layout in which a mask enhancer maxi 
mizing the light-shielding property is provided in the center 
of a line pattern having a degraded light-shielding property 
and also a mask enhancer is provided in a pattern corner and 
pattern end. Thus, approximately the same light-shielding 
property can be realized at least by the portion of the pattern 
layout having a width of about (0.8xWNA)/3xM or more. 

Hereinafter, steps S5 and S6 (the mask-writing data pro 
ducing stage) which are conducted after the mask enhancers 
and the pattern layout containing the same are produced in 
step S1 to S4 will be specifically described with reference to 
FIGS. 31(e) to 31(g). 

FIG. 31(e) shows the pattern layout after dimensional 
adjustment of the mask enhancers of FIG. 31(d) in step S5. 
More specifically, as shown in FIG. 31(e), in a portion 

having a pattern width smaller than the designvalue as a result 
of the test exposure (e.g., region R1), the width of a corre 
sponding mask enhancer (e.g., the line mask enhancers 611a) 
is increased. On the other hand, in a portion having a pattern 
width larger than the design value as a result of the test 
exposure (e.g., region R2), the width of a corresponding mask 
enhancer (e.g., the line mask enhancer 612) is reduced. At this 
time, in addition to the dimension of the mask enhancers, the 
outer dimension of the pattern layout, i.e., the dimension of 
the mask pattern, may also be adjusted simultaneously. Note 
that, in FIG. 31(e), the dashed line represents the contour of 
the original pattern layout 600, and the solid line represents 
the contour of the dimensionally adjusted pattern layout 
600A. 
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FIG. 31(f) shows the mask-pattern formation data deter 
mined based on the dimensionally adjusted pattern layout of 
FIG. 31(e) in step S6, and FIG. 31(g) shows the mask-en 
hancer formation data determined based on the dimensionally 
adjusted pattern layout of FIG. 31(e) in step S6. 

Note that, in the final photomask, the mask pattern exclud 
ing the patterns representing the mask enhancers corresponds 
to the light-shielding film region, and the patterns represent 
ing the mask enhancers correspond to the openings formed in 
the light-shielding film. 
AS has been described above, according to the pattern 

layout producing method of the sixth embodiment, a line 
pattern having a width LxM equal to or smaller than (0.8x) / 
NA)xM is extracted from the pattern layout 600 correspond 
ing to the light-shielding pattern, and then a mask enhancer 
having a width WXM equal to or smaller than ((0.8xWNA)- 
L)xM is provided inside the line pattern. Therefore, the mask 
enhancer capable of enhancing the light-shielding effect can 
be provided in the portion of the light-shielding pattern hav 
ing a degraded light-shielding effect, whereby the light inten 
sity distribution can be projected onto the wafer with a less 
distorted profile with respect to the pattern layout. This 
enables production of the pattern layout of the photomask 
capable of forming any pattern feature with any dimension 
including a dimension equal to or Smaller than about the 
resolution. 

Moreover, according to the pattern-layout producing 
method of the sixth embodiment, provided that the mask 
enhancer has a width WXM, the value W is set to W=(0.8x 
WNA)-L)/2. Therefore, the light-shielding effect of the mask 
enhancer is maximized. 

Moreover, according to the pattern-layout producing 
method of the sixth embodiment, a pattern end and pattern 
corner are also extracted upon extracting a line pattern, and a 
mask enhancer with four sides of (0.5xWNA)xM or less is 
provided inside the pattern end and pattern corner. Accord 
ingly, the transmitted light reaching the backside of the pat 
tern end or pattern corner of the light-shielding pattern due to 
the diffraction phenomenon can be reliably cancelled by the 
light transmitted through the mask enhancer. 

Moreover, according to the mask-writing data producing 
method of the sixth embodiment, the dimension of the mask 
enhancer is adjusted based on the test exposure result after the 
mask enhancer is provided so as to maximize the light-shield 
ing effect of the light-shielding pattern, that is, after the pat 
tern-layout producing method of the sixth embodiment is 
conducted. Therefore, the dimension of the mask enhancer 
can be adjusted so that the dimension of the pattern resulting 
from exposure becomes equal to the design value. Accord 
ingly, mask-writing data capable of preventing withdrawal of 
the pattern and the like can be produced, whereby a fine 
pattern can be accurately formed by exposure with the pho 
tomask formed according to the mask-writing data. 

Moreover, according to the mask-writing data producing 
method of the sixth embodiment, the width of a mask 
enhancer corresponding to a portion having a pattern width 
larger than the design value as a result of the exposure is 
reduced, whereas the width of a mask enhancer correspond 
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ing to a portion having a pattern width Smaller than the design 
value as a result of exposure is increased. This ensures that the 
pattern resulting from exposure has a width equal to the 
design value. 

Note that, in the pattern-layout producing method of the 
sixth embodiment, provided that the width of the line pattern 
is LxM and the width of the mask enhancer is WXM, the 
light-shielding effect of the line pattern including the mask 
enhancer is maximized by using W=((0.8x) /NA)-L)/2. 
However, the mask enhancer has a sufficient effect of improv 
ing the light-shielding property even when 0.5x((0.8x) / 
NA)-L)/2s Wis 1.5x((0.8x)/NA)-L)/2) (where WisL or 
WsL-2E. (ExM) is the minimum possible dimension to be 
implemented on the photomask). The mask enhancer has the 
effect of improving the light-shielding property at least when 
Ws (0.8x/NA)-L (where WiscL or WsL-2E). 

Moreover, in the mask-writing data producing method of 
the sixth embodiment, the dimension of the mask enhancer is 
adjusted based on the test exposure result. Alternatively, the 
dimension of the maskenhancer may be adjusted based on the 
exposure simulation result. 
What is claimed is: 
1. A patterning method using a photomask comprising the 

steps of: 
forming a resist film on a substrate; 
conducting pattern exposure to the resist film using the 

photomask; and 
developing the resist film Subjected to the pattern exposure 

So as to form a resist pattern, 
wherein in the photomask, 
an isolated light-shielding pattern is formed on a transpar 

ent substrate that is transparent to exposure light, 
the light-shielding pattern is formed from a light-shielding 

film region formed from a light-shielding film, and a 
phase shift region having a phase difference with respect 
to a light-transmitting region of the transparent Substrate 
which has no light-shielding pattern, and 

the step of conducting pattern exposure uses an oblique 
incidence illumination method. 

2. The patterning method according to claim 1, wherein the 
step of conducting pattern exposure uses annular exposure. 

3. The patterning method according to claim 1, wherein the 
step of conducting pattern exposure uses quadrupole expo 
SUC. 

4. The patterning method according to claim 1, wherein in 
the photomask a contour of the light-shielding film region is 
the same as a feature of the light-shielding pattern. 

5. The patterning method according to claim 1, wherein in 
the photomask the phase difference of the phase shift region 
with respect to the light-transmitting region is (170+360xn) 
to (190+360xn) degrees (where n is an integer) with respect to 
a wavelength of the exposure light. 

6. The patterning method according to claim 1, wherein in 
the photomask the phase difference of the phase shift region 
with respect to the light-transmitting region is provided by 
etching the phase-shift region in the transparent Substrate. 

k k k k k 



UNITED STATES PATENT AND TRADEMARK OFFICE 

CERTIFICATE OF CORRECTION 

PATENT NO. : 7.468,240 B2 Page 1 of 1 
APPLICATIONNO. : 1 1/716637 
DATED : December 23, 2008 
INVENTOR(S) : Akio Misaka 

It is certified that error appears in the above-identified patent and that said Letters Patent is 
hereby corrected as shown below: 

On the title page, in Item “(30) Foreign Application Priority Data, change 
“Aug. 11, 1999 to--Nov. 8, 1999-. 

Signed and Sealed this 

Seventh Day of April, 2009 

4 (O-e- 
JOHN DOLL 

Acting Director of the United States Patent and Trademark Office 

  


